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CESIUM PLASMA SPECTROSCOPY 

ELECTRON NUMBER DENSITY MEASURED 
BY STARK SHIFT O F  SPECTRAL LINES 

The widths and s h i f t s  of atDmic spectral  l i n e s  were measured 

f o r  an rf (8 Mc) electrodeless cesium discharge i n  which the  elec- 

t ron  densi ty  was varied from 0.5 t o  3x10 14  ~ m ' ~  with a temperature 

range from 2500 t o  3lOO"K. 

1 . 4  1 and s h i f t  t o  width r a t io s  were frDm 0.33 t o  1.40. 

measurements were compared t o  theoret ical  predictions i n  order t o  

evaluate the  s h i f t  measurement as a diagnostic method t o  measure 

The measured s h i f t s  were from 0.008 t o  

These 

A& 
electron densi ty .  

i 
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CESIUM PLASMA SPECTROSCOPY 

ELECTRON NUMBER DENSITY MEASURED 
BY STARK S H I F T  OF SPECTRAL LINES 

SUMMARY 
The objective of t h i s  program (conducted under cost  sharing 

contra'ct N o .  NAS 3-6470) was t o  develop a diagnostic method t o  

obtain the  electron density by measuring the  s h i f t  of spectral  l i n e s  from a 

radiat ing cesium plasma. 

be t e s t ed .  

measurements. 

(0.5 t o  3x10 

vided a low densi ty  (10 

l i n e  posi t ion.  

The va l id i ty  of the  theory of l i n e  s h i f t s  was t o  

Two plasma ssurces were developed i n  order t o  make accurate 

A s table  electrodeless discharge provided a high densi ty  
14  

plasma source and a low power microwave discharge pro- 

reference source f o r  the  unshifted spec t ra l  
12 

The l o c a l  e l e c t r i c  f i e l d s  due t o  ions and electrons i n  a dense plasma 

grea t ly  a f f ec t  the  d is t r ibu t ion  of energies within the  spectral  l i n e s  of 

atoms and ions i n  the plasma. 

marily by two parameters; the  width (a t  half  the in t ens i ty  maximum) and the  

l i n e  posi t ion (a t  the in tens i ty  maximum). 

tude of these parameters varies almost l i n e a r l y  with the electron densi ty  

and exhibi ts  an addi t ional  contribution due t o  the  ions which i s  s ign i f i -  

cant f o r  broad l i n e s  i n  a high density plasma. 

These Stark p ro f i l e s  a re  characterized p r i -  

Theory predicts  t h a t  the  magni- 

It has been established by others t h a t  the  width of cesium l ines  can 

predict  e lectron density.  However the use of l i n e  s h i f t s  t o  determine elec-  

t r o n  densi ty  has not been established. A s h i f t  measurement does not require 

knowledge of the en t i r e  l i n e  p ro f i l e  as  f o r  the width measurement. 

over, the  most intense l i n e s  i n  the cesium spectra a r e  highly broadened 

because of absorption e f f ec t s  which make %he width determ%n%Yon$@-&,e- 

@.ietikly diffic.iaL't;. 

More- 

The widths of op t ica l ly  th in  l ines  determined electron densi ty .  The 

s h i f t s  of a l l  the  measured l i n e s  were then compared t o  theory f o r  electron 

dens i t i e s  of 0.5 t o  3 x l 0 ~ ~ c m - ~ .  

analyses a re  : 

1. 

The r e su l t s  of these observations and 

The measured direct ion of the sh i f t  (i .e.  

wavelengths) agrees with theory. 

t o  higher or  t o  lower 

1 



I .  
2. Theory overestimates the shift when the ion contribution to the shift 

is significant. For the highest members of two df the three series 
studied, the difference between theory and experiment is greatest: 

709. for 13~-6P, 407. for 9F-5D. 
3. Shift measurements agree with theory for the following lines: 6 ~ - 5 ~ ,  

7F-5D, 9 ~ - 6 ~ ,  10D-6P, 11s-6~, 12s-6~. Their shift magnitude was from 
0.05 to 0.5 A .  

4. The profiles of four optically thin lines compared well with theory. 
A value of the ion broadening coefficient computed from the wings of 
one of these lines was less than the theoretical value. This could 

possibly account for the discrepancy noted in 2. 

5. For lines where bulk and self-absorption are present, the width overes- 
timates electron density by a large factor ( >  2) whereas the shift for 
these lines gives reliable values of electron density. 

The experimental shift values larger than 0.05 A tabulated in this 
report are sufficiently accurate to serve as a calibration for elec- 

tron density vs line shift. 

6. 

7. The continuum intensity is a sensitive monitor of plasma electron 
density stability. In addition, temperature stability is simultan- 
eously indicated. 
A rf electrodeless discharge in cesium provides a stable high density 
plasma. 
A low power microwave discharge provides a stable low density source 
for the unperturbed (unshifted) spectra. 
The spectrometer resolution required for accurate width measurements 

can be specified for each line. Minimum resolution is found for the 

highest series members, e.g. at 10 
lOF-5D and 9000 for 14s-6P. 
tion has to be better (up to a factor of 3) for width measurements 
than for shift measurements. 

8. 

9. 

10. 

14 ~ m - ~ ,  6000 for 14D-6P, 3000 for 
For any given line, spectrometer resolu- 

2 
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I. INTRODUCTION 

I n  general, physical measurements made on devices, such as cesium therm- 

ionic energy converters, provide parameters necessary t o  develop a v a l i d  theo- 

r e t i c a l  analysis of the operation of the device. !Theoretical I-V characteris-  

t i c s  of cesium diodes have been developed which require knowledge of ion, elec- 

t ron  and neutral  pa r t i c l e  densi t ies  and temperatures i n  the  plasma. (’) Measure- 
ments of these quantit ies may be made independently by means of op t ica l  spec- 

troscopy, probes, or microwave spectroscopy. 

densi t ies  i n  dense (electron density greater than 1013cm-3) plasmas because it 
i s  one of the diagnostic methods which do not perturb the plasma. Thus, it i s  

well suited for analysis of plasma i n  cesium diodes. 

plasma spectroscopy are  reviewed i n  Appendix A .  Of these severalmethods, the 

one of primary in te res t  i s  the determination of electron number densi t ies  from 

the  p ro f i l e  of the emitted spectral  l i n e s .  

Optical spectroscopy i s  mainly used t o  determine par t ic le  temperatures and 

The various methods of 

The prof i le ,  or energy dis t r ibut ion,  of a spectral  l i n e  may be character- 

ized by two parameters. 

as the half width of the l i n e  taken a t  half the maximum in tens i ty .  The second 

i s  the  posit ion of the l i n e  maximum (either i n  frequency or wavelength un i t s ) ;  

i t s  numerical value i s  given as  a sh i f t ,  a frequency or wavelength difference 

from some fixed i n i t i a l  value. (*) Both the spectral  l i ne  width and s h i f t  a r e  

f inct ions of the electron density, and thus they both can be used t o  measure 

t h i s  electron density. The l i n e  width which i s  based on sound theory(2) has 

been successfully used t o  measure electron density i n  cesium diodes. (3) The 

l i n e  s h i f t  theory has not been tes ted f u l l y  by experiment. (4) However, the 

l i n e  s h i f t  method should be more precise since it i s  largely unaffected by 

absorptions i n  the plasma (see Appendix B) . It should be experimentally s i m -  

p l e r  since it i s  easier  t o  measure a change i n  the posit ion a t  the maximum of 

a l i n e  p ro f i l e  than t o  measure the shape of the p ro f i l e .  

The f i r s t  i s  the width; i t s  numerical value i s  given 

(*) The i n i t i a l  posit ion of the l i n e  maximum i s  tha t  obtained when the s h i f t  
mechanism i n  the plasma i s  very small. 
cesium plasma t h i s  condition exis ts  for  an electron density of approxi- 
mately 1012~m-3 or l e s s .  

For prac t ica l  purposes i n  our 

3 
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The purpose of this program was to measure the line shift for many lines 

from a cesium plasma source and to correlate shift data with line width data and 
the theory of line shifts. The successful development of the line shift method 

as a diagnostic technique will provide a method that has the following desirable 

characteristics . 
1. 

2. 

3. 
4. 

The plasma is unperturbed by the measurement. 

Shift measurements are not greatly influenced by absorption effects. 
The method is based on verified theory. 

Other correlative parameters, such as electron temperature, need 

not be known precisely to evaluate shift data. 

Line shifts can often be measured more accurately than line widths. 5. 

This report discusses the applicable theory of spectral line profile anal- 
ysis, the experimental arrangement used and analysis of the line profile data. 
A cesium plasma generated by rf excitation and contained in a glass envelope 
provided a source in which the electron number density was varied from 0.5 to 

14 3x10 

verter . (3) A reference cesium plasma source, produced by using microwave exci- 
tation, was used to determine the unperturbed position of the spectral lines. 

The density of this source was typically 10 
reference line. 

cm-3 which corresponds to densities typically found in a thermionic con- 

12 cm'3 and provided a narrow, unshifted 

II. "ECORY 

The profile of a spectral line is determined by a variety of broadening 
mechanisms which are reviewed in Appendix A. 

of these mechanisms in an observed spectral profile depends on the plasma 
electron density and temperature. 
electron temperature, T 
full line widths that correspond to these broadening mechanisms are: 

The importance of any given one 

For conditions in our cesium plasma, namely 
3600°K and electron density Ne 3 1013-10 ~ m - ~ ,  the 14 

e 

0 

Width A Reference 

Natural Appendix A 

Doppler 

Resonance 

Stark 

N1 x l o -z  Appendix A 

3 10-3 (Appendix A for 

c 
to 0.8 Reference 5 

Most lines are > 5 ~ 1 0 - ~  
4 
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Thus, for all but the low level sharp series lines the largest broaden- 
ing mechanism is Stark broadening and Stark broadening theory will be applied 

to our measured line profiles. 

Stark Broadening 

lines has been described in a The theory of Stark broadening of spectral 

number of recent papers. ( 2 )  

tion theory. 

plasma, ion and electron fields. For hydrogenic atoms, such as cesium, the tran- 
sitions are assumed to be a change of state of the single valence electron, and 

therefore only a one-electron wave function is required. 

turbers are assumed to be sufficiently distant so that their interaction with 

the atom can be approximated by the first term of a multipole expansion. 

is, the interaction potential of the ith perturber is equal to the electric 
field of that perturber at the radiating atom times the dipole moment of the 
atom. 

interactions of radiating atoms and charged particles. (*I Electron interac- 
tions are treated by the impact approximation. Ion interactions are treated 

by the quasi-static (or Holtsmark) approximation. 
arise from the difference of the thermal velocities of the ions and electrons. 

In general the broadening is treated by perturba- 

The wave functions of the emitting atoms are perturbed by the 

Furthermore the per- 

That 

Within this framework there are two approximations which describe the 

These two approximations 

In the quasi-static description, the perturbers (ions) move relatively 
slowly. 

est, i.e. of the order of the inverse line width. 

portionalto the line width in units of angular frequency. 
terion for the quasi-static approximation can thus be stated as 

Thus the perturbation is practically constant over the times of inter- 

This time is inversely pro- 
The validity cri- 

w > 1 2 k) (quasi-static approximation) 
coll 

where z 

(at half maximum intensity) P Ls the hpailt xRr&er,and vi is the ion velocity. 

ers [electrons). Thus for all but long range (strong) impact interactions, 

is the average ion collision time and w is the line half width c 011 

In the impact approximation we deal with relatively fast moving perturb- 

2)  
(*) The formalism to be used here follows closely that of Stone and Agnew' 

and Griem . ( 5 
5 
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the  emitting system i s  considered t o  exis t  i n  an unperturbed s t a t e  f o r  most 

of the time, being perturbed only when it in te rac ts  with the  f i e l d  of the f a s t  

moving electron. The resul tant  broadening i s  described i n  terms of impacts 

t h a t  a re  well separated i n  time. 

mation can thus be stated as  

The val idi ty  c r i te r ion  fo r  the impact approxi- 

T e < < 1 / w  (impact approximation) ( 2 )  

where T 

calculated both by a semi-classical and quantum mechanical treatment. The 

r e su l t s  of the two have been shown t o  be equivalent. 

i . e .  those i n  which the interact ion may ex is t  even a t  long range and thus over 

a long time, the electron col l is ions are not actual ly  separated i n  time. How- 

ever, it has been shown tha t  the impact approximation i s  s t i l l  v a l i d  provided 

the average interaction over these times i s  weak. 

i s  the average electron coll ision time. Impact broadening has been e 

For t he  strong impacts, 

The Stark broadening can be computed fo r  a heavy element such a s  cesium 

but an e r ror  must be expected due t o  uncertainties i n  the atomic matrix ele-. 

ments required t o  compute the  above perturbation. 

simplification i n  these computations due t o  the f a c t  t h a t  the broadened l i nes  

can be considered t o  be isolated.  That i s ,  prac t ica l ly  a l l  the broadening i s  

caused by interactions between the upper s t a t e  of the l i n e  i n  question and 

neighboring levels  but lower s t a t e  interactions can be neglected. 

words the excited levels  do not overlap. 

However, there i s  a lso a 

I n  other 

After detailed calculation using the above assumptions, l imitations and 

simplifications,  the prof i le  of a Stark broadened l i n e  can be writ ten as  
00 r 

W(&a d 6  

0 

(3) 

Here I (LJ )  i s  the  in tens i ty  a t  angular frequencyu, W0= % -',(Ei-Ef) i s  the f r e -  

quency a t  the maximum in tens i ty  for  the unperturbed l i n e  and i s  equal t o  the 

difference between the unperturbed i n i t i a l  (Ei) and f i n a l  (E ) energy levels ,  

W(&) i s  the  ion e l ec t r i c  f i e l d  distribution, W(&) d &  i s  the probabili ty of the 

ion  producing an e l ec t r i c  f i e ld  between&and f + d l  a t  the radiating atom, oIi i s  

t he  second order Stark coefficient (discussed i n  d e t a i l  l a t e r )  and d and w a re  

the  l i n e  s h i f t s  and half widths due t o  electron impacts alone. 

f 

6 
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The electron impact widths and shifts are given by Eqs. 4 and 5. 

(4) 

with zik min = uikpmin/v 

Ne is the electron density, and f(v) is the electron velocity distribution. 

r is the unperturbed matrix element between the levels i and k of the posi- 
tion operator r. Wik is the frequency difference between the levels i and k. 

'min 
is invalid, and a and b are functions of z 

electron impact. S 

be towards higher or lower frequency. 
sion can be simply written as 

ik 

is the minimum impact distance below which the impact perturbation theory 

, the perturbation due to 
ikmin 

is a notation meaning "sign of" and allows the shifts to n 
For plasma diagnostics the above expres- 

w = Const. Ne (4a) 

d = Const. Ne (54 

The constants are actually weak functions of plasma temperature (intro- 

duced by the velocity distribution f (v)) Values of these "constants" have 
been computed and theoretical widths and shifts for various cesium spectral 

lines have been tabulated. (5) A plot of the theoretical line widths and 
shifts as a function of electron number density for two lines each of the dif- 

fuse and fundamental series of cesium for an electron temperature of 2500°K 
are shown in Figs. 1 and 2. 

Quasi-static ion broadening effects enter through the quadratic Stark 

coefficient ai which can be computed from 

where e is the electronic charge and the other terms have been defined above. The 

ion broadening introduces additional terms in the final form of the width and 
shift equations. 

7 



100 I I I 1 I 1 I I I 1 
WIDTH AND SHIFT OF DIFFUSE SERIES 
LINES AS A FUNCTION OF ELECTRON 
NUMBER DENSITY (Ne) at T, 2500°K 

0 

-7D - 6P,,*(6723 A) 
3/ 2 0 

-=-10D - 6P (5466 A) 
3 1  2 1 /  2 

lo1* 

Fig.  1. Width and sh i f t  of d i f f i s e  ser ies  l ines  as a function 
of electron number density (Ne)  a t  Te = 2500%. 
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100 

0 . a  1I 
z - 
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n 
a 

n - 1.( 3 

- 
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z 
I 
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I I I I I I 1 I I 1 
WIDTH AND SHIFT OF FUNDAMENTAL SERIES L INES 
A S  A FUNCTION OF ELECTRON NUMBER DENSITY (Ne) 
AT T, = 2500°K 

0 i 

lo1* 
N&cm -3 1 

Fig. 2. Width and shift of fundamental series lines as a function 
of electron number density (Ne) at Te = 2500°K. 
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For numerical evaluation, however, it i s  more convenient t o  use a reduced 
l i n e  prof i le  J ( x ) ~ I ( W ) W  -1 . This reduced prof i le  has been tabulated by Grim ( 5 )  

and for -2.O-=x-c5.0. 

Wr(P> dP 
J(x) = - .p I[ 0 l + ( x -  ( 7 )  

LJ-U - d  
0 where x =  

W 

iJ0 = frequency of unperturbed l i n e  

d and w = s h i f t  and width due t o  electron impact 

B = reduced e lec t r ic  f i e l d ,  €/Holtsmark f i e l d  

a E (ai/w)3/4 Ne = ion broadening f ac to r .  

The t o t a l  widths and sh i f t s  of these prof i les  can be approximated by Eq.8 

when agO.5 and r50.8. 

W t o t a l  = W t %  (1 + 1.75 a (1 - 0.75 r ) )  w 

d - - dt*(; + 2.0 a! (1 - 0475 r)) d t o t a l  w 

Line s h i f t s  can occur t o  e i ther  longer or shorter wavelengths which depend on 

d e t a i l s  of the perturbation calculation.(5) 

s h i f t s  and negative f o r  blue sh i f t s .  

ca r r i e s  the sign of the  low temperature d.* 

The ion broadening fac tor  a i s  proportional t o  

t i o n a l  t o  N and i s s O . 5  fo r  the  electron densi t ies  considered here. (5)  
quantity r i s  equal t o  the r a t i o  of the mean ion-ion separation pm and the 

Debye radius pD 

The sign of d i s  posit ive f o r  red 

The second term (a! contribution) always 

since w i s  propor- 

The e 

r = Pm/ = 0.1 N~ 1/6 T-1/2 
PD 

( 9 )  

* For example, the CsI d - 6 P  l ines  change t h e i r  s h i f t  from bh.%o~red a t  high 
(over 20,000 O K )  electron temperature. 
negative sign f o r  a l l  temperatures. 

Here, the  a term maintains the 

10 
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14 For N =10 
density and temperature. "he parameter r is important in dense plasmas where the 
perturbing ions cannot be considered statistically independent. When this arises 

the ion distribution function W(L)dl (Eq.3) is replaced by one which takes into 
account Debye shielding of the electrons. 

and T=3000%, r=0.3, so that Eq.8 is valid for our range of plasma e 

The total width and total shift (Eq.8) are equal to width and shift due to 

electron impact plus terms due to quasi-static (ion) broadening. Since a is 
proportional to N;I4, the ion contribution increases relatively slowly with 

Ne. 
Thus the shift of the sharp series should be less affected by ion broadening 

than the D and F series. 

and a listed by Griem(5) for Ne=& and each cesium line is scaled by the 
appropriate dependence on Ne. 

For the cesium S series, d/wd1.5, and for the D and F series, d/w--,0.5. 

To evaluate w and d for a given line the electron impact values w, d/w t t 

The quantity r is determined from Eq.9. 

111. EU?ERIMENW ARRANGEMESTT 

The basic arrangement of the spectroscopic instrumentation which measures 
the shape of a spectral line is straightforward. Light from the stable cesium 
plasma is focused on the slit of a high resolution grating spectrometer with a 

photoelectric read-out, and recording system. The spectrometer has sufficient 
resolution to define the true shape of most of the spectral lines. For the 
narrow lines correction for the apparatus broadening was made. For the shift 
measurements we were required to measure either the absolute position (in fre- 
quency or wavelength units) or the change in position from some initial unshifted 
position. 

that determined the unshifted line position. 

and accurately the spectral shift differentiates this system from the more 

conventional spectroscopic setups. 

The final arrangement involved a low plasma density reference source 
The ability to measure quickly 

Optical System 

Figure 3 schematically shows the overall arrangement of the experimental 
apparatus. This system consists of: 1) two cesium light sources, 2) the 

optical system, 3) the high resolution spectrometer and 4) the monochromator. 

11 
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The primary measurements were the profiles of the spectral lines emitted by the 
radio frequency excited cesium plasma (rf plasma) source. 

density of the rf plasma was varied from approximately 0.5 to 3x10 
very narrow lines emitted by the microwave excited cesium plasma gave the fidu- 

ciary position (unperturbed line) from which the shifts of the rf plasma line 

are measured. These two sources are focused sequentially by the same spherical 
mirror-plane mirror system onto the entrance slit of the high resolution spec- 
trometer. 

microwave source. 
pass to the focusing system through the slotted segment of the chopper while the 

light of the microwave source passes through and out of this focusing system. 

In the next half cycle light from the rf source is blocked while light from the 

microwave source is reflected into the focusing system by a mirror on the non- 

slotted segment of the chopper. 
trometer is dispersed by its grating and the spectrum of this light is focused 

at the exit plane of the spectrometer. An exit slit lies in this exit plane 
directly below the entrance slit. The spectrum is scanned across the exit slit 
by rotation of the grating. 
measures the light intensity which is recorded on a strip chart. 

The electron number 
The 14 

A rotating chopper is put in the optical path of both the rf and 
The chopper first allows the light from the rf source to 

Light focused on the entrance slit of the spec- 

A photomultiplier directly behind the exit slit 

The resolution and dispersion of the spectrometer determines the scan 
speed which provides the most accurate line profile. 

ciary position (the corresponding microwave plasma line) is displayed on the 
same chart. 

are read on a dual pen recorder synchronized with the optical chopper. Each 

pen is active only when light from the corresponding source appears at the 

entrance slit. 

the other one is active. 
tracing. 
speed the effect of these "steps" are kept small. 

ing of both sources is shown in Fig. 4. 
recorder and chopper was necessary because one amplifier was used for both sig- 
nals. 

At the same time the fidu- 

The photomultiplier signals from the rf and microwave light sources 

The photomultiplier signal is kept on the inactive pen while 
This results in a "stepped" appearance on the signal 

However by keeping the chopper speed large with respect to the scan 
An example of a line record- 

The synchronization of the dual pen 

The preferred system would be individual amplifiers for each signal. 

While the high resolution spectrometer measures profiles of spectral lines 
from the rf plasma, a scanning monochromator measures the intensity of the con- 
tinuum from the plasma. The electron temperature of the rf plasma is determined 
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I .  . 
from these continuum measurements (see Appendix A ) .  

the rf source is focused on a slit of the monochromator by a plane mirror- 
spherical mirror system. 

to calibrate the monochromator. 
tor the stability of the rf source for the duration of each run. 

Radiation from the rear of 

A NBS tungsten ribbon filament standard lamp is used 

The continuum intensity was also used to moni- 

The relevant parameters of the spectroscopic apparatus are summarized in 
Table I. 

TABLE I. Spectroscopic apparatus. 

High Resolution Spectrometer 

Make : Jarrell-Ash 3.4 meter Ebert mount 
Grating: M.I.T. 300 grooves per rmn 

Resolution (minimum measured value) : 

Slit Width: 15 micron entrance and exit slits 
Photomultiplier : E .M .I. 9558C (non-cooled) 

145,000 in 6th order & 6000i using 
15 micron entrance and exit slits 

Monochromator 

Make: Perkin-Elmer Model 98 prism monochromator 
Prism : Quartz 
Photomultiplier: E .M .I. 9558C (non-cooled) 

R . F . Plasma Source 
Figure 5 is an exploded view of the rf cesium source and ovens. The cesium 

plasma is generated in an alkaline resistant (Corning 1720) glass tube. 

tube consists of a cylinder 10 cm long, 2.6 cm diameter with flat (Corning 1723) 
faces at either end. An arm protrudes from the middle of the tube and is paral- 
lel to the cylinder for 2 cm beyond the end; at that point it is perpendicular 
to the tube for 17 cm. 
this arm. 

introduced by "firing" cesium chromate pellets in an arm which is detached 
after cesium transfer. 

This 

The cold spot of the tube is maintained at the tip of 

After bakeout at 450°C the tube pressure is 6~10-~ torr. Cesium is 

The cylindrical portion of the tube is located in an open ended quartz 

jacket 3.9 cm diameter. 
which is the main oven. Double walled. quartz windows are positioned at the 
front and rear of the main oven in line with the plasma tube. 

This jacket, in turn, is located in an insulated box 

Also a double 
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w a l l  quartz window i s  located i n  the side of the main oven opposite the  plasma 

tube for viewing. 

main bulb temperature over the range 130°C t o  450°C. 

located i n  an auxiliary oven which consists of a nichrome heater and small a i r  

j e t  for f ine  temperature control. 

Hot dry a i r  i s  fed into t h i s  quartz jacket t o  control the 

The small arm tube i s  

Chromel-alumel thermocouples monitor the temperature of the cold spot ( t i p  

of the arm a t  the  point it i s  cooled), a point on the arm close t o  the main 

bulb and i n  the main oven which was hotter than the auxi l ia ry  oven. Plasma s ta -  

b i l i t y  was measured by the in tens i ty  of a given segment of the% cesium continuum. 

Experience with the source dictated t h e  appropriate cold spot temperature and 

thermal gradients t o  obtain the desired plasma conditions. 

A cesium plasma was established i n  t h i s  tube by an electrodeless rf d is -  

charge. An r f  co i l  was wrapped around the outer quartz jacket.  This c o i l  was 

a single 14  turn  layer of 0.48 cm copper tubing approximately 30 cm long withcoil 

inside diameter'&' 4*&.4m.The c o i l  extended about one turn beyond each end of 

t he  plasma tube. 

A Lepel 2.5 kW variable frequency (2-16 Mc) generator supplied the rf 

power. 

By adjusting the pressure (given by the cold spot temperature) an atomic or 
ionic spectra s table  up t o  eight hours was obtained. I n  tha t  time, the elec- 

t ron  density varied - + 107,. 

The frequency for these experiments was 8 Mc (measured a t  the rf c o i l ) .  

Microwave Plasma Source 

The s h i f t  measurements required a s table  cesium plasma of r e l a t ive ly  low 

electron density (5  1012cm-3) f o r  the source of unperturbed cesium l ines  . For 

t h i s  purpose a microwave excited source was developed (see Fig. 3) .  The con- 

s t ruc t ion  and processing of the microwave plasma tube was almost ident ical  t o  

t h a t  of the rf plasma tube with the exception tha t  the  arm of the tube extended 

d i r e c t l y  perpendicularly from the  cylindrical  portion of the tube. 

ever does not seem t o  be essent ia l  and the rf tube could actual ly  be used i n  

the  microwave source. The arm of the microwave tube was positioned i n  a turn- 
t ab le  waveguide section of a 2.7 Gc Raytheon Microthem microwave generator. 

The cy l indr ica l  par t  of the plasma tube was wrapped with a heater tape.  The 

temperatures a t  the t i p  of the arm and the  rear  f l a t  face of the tube were 

This how- 



monitored. The spectra was observed through the  f ront  face of the  tube. A 

f ine  j e t  of cool a i r  was blown a t  the rear  face of the tube which served a s  

the cold spot. 

A s table  low density plasma could be maintained a t  a cold spot temperature 

of 100°C. The other par t s  of the tube were kept a t  180"c or greater .  

plasma was i n i t i a l l y  ignited i n  the tube arm i n  the waveguide and then diffused 

i n t o  the en t i r e  tube as suff ic ient  cesium vapor pressure b u i l t  up. The meas- 

ured half widths of almost a l l  of the spectral  l i nes  from t h i s  source were 

equal t o  the instrument half width which was 0.04 A .  
mation of the  t rue  width of these l ines  gave an upper l i m i t  t o  the plasma 

density of 1 0  

t o  make interferometric measurements of the spectrum of atomic cesium. He 

observed no s h i f t  i n  the cesium l ines  from t h i s  source and claims a wavelength 

posit ion uncertainty (with respect t o  unshifted values) of - + 0.001 A .  

tubes i n  the Kleiman experiment were f i l l e d  with a low pressure of argon or 
neon t o  s t a r t  the discharge before enough cesium could be vaporized t o  carry 

the  discharge. 

The 

However the best  approxi- 

12 (6 1 ~ m ' ~ .  A microwave source similar t o  t h i s  was used by ICLeiman 

0 

The 

IV. DATA AND ANALYSIS 

plasma was determined by com- 

th in  l ines  with the theory 

The electron density, Ne, i n  the bulk of the 

paring the  ~. measured width of a l l  of the opt ica l ly  

of Griem.(5) 

the th in  l i n e s  and these sh i f t s  are  cDmpared t o  theory. The en t i r e  prof i le  of 

one l i n e  from each of the S, D and F ser ies  i s  compared with the theoret ical ly  

predicted p ro f i l e  (Eq.7) and shown t o  compare favorably with the theory. The 

r e l i a b i l i t y  of the  s h i f t  measurement over the width t o  determine Ne i s  demon- 

s t ra ted f o r  l i n e s  which are p a r t i a l l y  volume absorbed and self-absorbed. 

The l i n e  s h i f t s  are  measured f o r  the opt ical ly  th ick  as  well as  

The electron temperature was measured from the re la t ive  in tens i ty  of tpe 

free-bound continuum t o  the 6P doublet using the empirical equation developed 

by &newc2) which i s  based on M ~ h l e r ' s ( ~ )  experiments. An unsatisfactory 

absolute cal ibrat ion of the monochromator d i d  not allow the use of the con- 

tinuum in t ens i ty  data t o  determine Ne independently. 

18 



Width and Sh i f t  Measurements 

The widths and shifts of several doublets from each of the  S, D and F 
14 ser ies  were measured for  Ne from 0.5 t o  3x10 

broadening, and a re  l i s t e d  i n  Table 11. 

t ron  density computed from the  widths and the  theore t ica l  values of s h i f t .  

corrected fo r  instrument 

I n  addition Table 11 l i s t s  the elec- 

The electron density i s  calculated as  follows. Griem(5) l i s t s  w (which 

The measured width wm i s  f i r s t  s e t  16 scales l i nea r ly  with Ne)  a t  N =10 

equal t o  the electron impact width w and an i n i t i a l  value of the electron den- 

s i t y  NeW i s  computed (Table 11). This value NeW i s  then used t o  evaluate r 
from Eq.(9) and a from Griem.(5) Now the measured width wm i s  se t  equal t o  
the  t o t a l  width wt which with these values of a and r a re  used i n  Eqs .(8) t o  

evaluate a new electron impact width w ' .  

with the  tabulated values of Griem(5) t o  give an electron density N Z ' .  This 

now represents our best  value of electron density which i s  henceforth plotted 

a s  Ne .  

' I 6  respectively), addi- l i n e  and a and r are  weak functions of Ne(N:/4and N 

t i ona l  i t e ra t ions  were not considered necessary. 

e 

Final ly  t h i s  new value w'  i s  used 

Since these two values of Ne d i f fe r  by l e s s  than 20y0 fo r  any given 

e 

W '  
The electron impact s h i f t  value d i s  computed using N and the electron 

e ( 5 )  The t o t a l  s h i f t  d i s  subsequently com- t impact width w i n  Griem's t ab le .  

puted from Eq.8 where d ,  w, a and r are now known. 

s h i f t  value d i s  thus t o  be compared t o  the measured value d l i s t e d  i n  

Table 11. 

This theoret ical  t o t a l  

t m 

Figures 6, 7 and 8 display the measured s h i f t  vs Ne f o r  the S, D and F 

The se r i e s  l i n e s  where the solid l i n e  represents the theore t ica l  value d 

s h i f t s  of the sharp ser ies  l i nes  are the average of the s h i f t  of the doublets, 

nS1/ - 6P 

d i f f e r s  only s l i gh t ly  and the values can be eas i ly  averaged. 

t '  

f o r  n=9,lO,ll and 12. The s h i f t  of each member 
3/2 

and nS1/2-6P 
1/2 

l ines  f o r  n=8,9,10, 
5/2-6P3/2 

The D se r ies  s h i f t  values a re  those of the nD 
~. 

11, 12 and 13. Another branch of the a - 6 P  ser ies ,  n ~ ~ / ~ - 6 P , / , ,  was measured 

and t h e  s h i f t s  a re  lower by the predicted theore t ica l  r a t i o  but are  not plotted 

since no additional information i s  t o  be gained by t h i s  display. The nD3/2-6P3/2 
l i n e s  were not measured since the  in tens i ty  of these l i n e s  i s  much weaker than 

t h e  other members of the ser ies .  

strongest member of the ser ies  nF 

The s h i f t s  of the nF 

Likewise with the nF-5D ser ies  l ines ,  only the 

i s  plotted f o r  n=5,6,7,8 and 9.  
5/2, 7/2-5D5/2 

a re  almost ident ica l  but some of the l ines  of t h i s  
5/2-5D3/2 

se r i e s  were interfered with thus precluding t h e i r  use. 
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Cs I Line 
Transition Wavelength(i) a:, 

A 
a, 
A tiy" 

nS1/2-6P1/2 
nS1/2-6P3/2 

9 6 586 f .031 .68 .04 
10 5839f' .01 -73 .06 
10 6034f ,011 .60 .06 

.008 .006 ,006 

.015 .012 .013 

.014 .012 .013 
11 5568f .031 97 *07 .025 .022 .023 
11 5746f -03 -85 007 .025 .024 .025 
12 5407 .031 52 *09 .48 .Oh5 .041 .044 
12 5573 .031 -49 * 09 -45 .Oh7 ,044 .0b7 

n: 
u p  6010~ 

.036 1.5 .04 
0037 1.2 .04 8 62131 

- .019 - ,007 - .007 
-.oil - .007 -.007 

9 5664f .034 .68 -05 -.018 -.013 -.015 
9 5845f -037 .60 .06 -.019 -.016 -.018 
10 5466 .084 9 51 .06 .48 -.023 -.023 -.025 
10 5635 .062 50 907 .47 -.031 -.029 -.031 
11 5340 .085 - 50 so7 .47 -.038 -.037 -.046 
11 5503 .11 50 -09 .45 -.Oh5 -.047 -.056 
12 5414 .186 9 54 .11 .48 -.064 -.073 -.097 
13 5197 -33 .61 .11 054 - .095 - .O9 - .115 
13 5349 -32 .58 .1? .50 - .lo - -107 - e 1 2 5  

5 8018 .048 .84 -07 -49 .019 .017 .020 
5 8081 .Ob5 -83 -07 949 .020 .018 .020 

6 7229 9 09 -57 .12 -49 .054 .042 ,056 
6 7280 * 09 -57 .12 -49 .054 .0b3 .056 
7 6825 .16 *53 -15 945 .094 ,083 .11 
7 6871 -17 -54 J5 .46 .094 .083 .11 

8 6586 .26 -51 -19 .42 .18 .14 .20 
8 6629 030 -58 -19 .48 -17 .14 .20 

9 6473 .46 *53 .24 .42 *25 .21 36 

3t 
Bulk-absorbed and self -absorbed lines . 

f -  Bulk-absorbed lines. 
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Cs I Line N Ne14 %l 
Transition I Wavelength(;) 3 X I % ' ~ C I ~ - ~  xloW cm-3 

12 5407 .06 99 .lo *87 .056 9053 -057 

d 
A 

i 

d 
a 0 

11 5340 .150 .86 .08 076 - .056 -.051 -.064 
11 5503 .167 .87 .lo -75 - .072 -.062 -.078 

1 3  5349 -50 92 J5 074 - '45  .14 .23 
12 5414 030 .88 .12 *77 - .111 - -097 - .140 

5 .069 1.21 .08 
5 80817 .074 1.36 .08 

8 6586 .46 *89 .20 965 *27 .20 30 
8 6629 .20 965 -30 .20 -30 
9 6432 71 -85 -25 .62 -43 933 -54 
9 6473 073 -83 -25 .60 .40 -33 954 

Plasma conditions : Electron number d e n s i t y  (Ne)- 0.9 em'' 
Electron temperature 
(Ion shielding parameter 

( Te) = 2800°K 
r = 0.40 

nS1/2-6%/2 
nS1/2-@3/2 

9 65861 .04 4.9 005 .02 .012 .013 
10 5839f. .025 1.43 .06 .025 .022 .024 
Id  6034 f .028 1.62 .06 .030 .022 .024 
11 5568 ,033 1.04 .08 0 095 .Ob3 ,042 .045 
12 5 573 .073 1.20 .11 1.06 .086 .078 .086 

p1/2 %~!5%?3/2 
-.0056 -.008 --.008 7 6723* .08 7.9 -03 

8 6010" -091 3.9 .04 
8 6213* .11 3.9 -05 

9 5845 f 0097 1.55 007 
9 5664 I. ,071 1.46 .06 

- .017 - .012 -.. 013 
-.016 -.or7 - .023 

- .028 - .025 - -039 - .031 :,:% 
10 5635 .12 1.00 .08 0.90 -.055 -.056 -.067 

-5 /2 -5D3/ zD 
-5L2,7/2-5 5/2 

.11 

.22 

.41 

:10$ .o *OR .11 

$3 E:% :3 :RT * l B  .1 .1 3 .22 

.18 i .og .14 .88 
6 f .20 1.2 .14 1.09 

8 6629 .57 1.08 .22 0.84 -31 927 
@?i 7 
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O Cs I Line 
Transition Pavelength(A1 Yn NY4 ~1 6 ~ ~ c t n - 3  A d (4‘ A 

&1 N w‘ 
A xl6 cmm3 a 

nS1/2-6P3/2 
9 6586 
10 5839 .030 1.89 -07 
10 6034 .031 1.91 -07 
11 5 568 .049 1.48 .08 
11 5746 .037 1.12 .08 

.02 .013 .014 
,033 .022 .027 
.036 ,022 .027 
0055 .042 05 
-055 .0h3 05 

12 5407 .082 1.19 .11 1.06 .lo .074 .082 
12 5573 .069 1.19 .11 1.06 095 0079 ,087 

nD3/2-6pl/2 
*5 /2 -6p3/2 

7 6723* .13 12.5 003 - .007 -.008 -.008 
8 6010 .094 1.98 .04 - .017 - .012 - .014 
8 6213 .12 4.2 -05 - .022 - .016 - .018 
9 5664 .091 1.84 .06 - -037 -.025 -.03 
9 5845 .12 1.85 07 - -055 -.031 -.043 
10 5 466 .14 1.46 -07 - *055 -.045 -.055 

5635 .13 1.10 .08 1.02 -.072 -.056 -.067 10 

11 5 340 .19 1.12 *09 1.02 - .083 -.074 -.093 
11 5503 .23 1.11 .11 1 .oo - .lo -.090 -.120 
12 5414 .47 1.36 -13 1.19 -.17 - .14 - .19 

~ 

“F5/2-5D3/2 
riF 512, 7/2-5D5/2 
5 8018 .13 2.3 .08 -053 a 0 3 3  .038 
5 8081 .21 3.86 .08 9053 *033 .038 
6 7229 .21 1.36 .14 .12 .08 0.12 
6 7280 .23 1.46 .14 .12 .08 0.12 

7 6825 *37 1-27 .18 1.05 -23 .156 .24 
7 6871 .36 1.23 .18 98 -23 .156 .24 
8 6629 .60 1.15 .22 90 38 30 .44 
9 6473 1.1 1.23 .28 .90 .58 -43 -73 
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14 Plasma conditions: Electron number density (N = 1.1x10 cme3 
Electron temperature (T:{ = 2630°K 

t: (Ion shielding parameter r = 0.43) 

A 
Cs I Line 5;5m 

Transition I Wavelength(!) I A 

nS1/ 2 -6p1/ 2 

9 6355 .036 .4.4 .06 
9 6586 .054 6.1 .06 
10 5839 .034 2.1 -07 
10 6034 .036 2.1 07 

.O23 .0135 .0145 

.024 .0145 .0155 

.036 ,025 .027 

.039 .026 .028 
.052 11 5568 .054 1.6 09 1.45 

12 5407 .083 1.4 .12 1.15 -075 ,082 .090 
12 5573 .lo 1.6 .12 1.30 .084 ,088 495 

.056 ,041 

nD3/2-6pl/ 2 
&5/2-GP3/2 

9 -0 -03 -.oo5 -.008 -.009 7 6973* .120 

a 6010* J3 5 -4 .04 
8 6213" .16 5 -0 .04 
9 5664* .12 2 *3 .06 
9 5845 01-5 2 93 -07 

-.022 - .014 - .016 

-.Ob7 -.O3O -.033 
- a 0 5 5  -e039 -.Oh5 

-.030 -.018 -.020 

10 5466 -15 1.5 .08 1.4 -.067 -.053 -.065 
10 5635 .18 1.5 909 1.3 -.083 -.066 -.083 
11 5 340 .21 1.2 .1 1.1 -.io -.088 - .115 
11 5503 *25 1.2 .11 1.1 -.13 -.io3 -.i40 

13 5349 .66 1.2 -17 1.03 
12 5414 38 1.1 .14 0 -97 -.18 - .165 - .24 

5 8018* -175 2.8 09 
5 8081* .170 3 *o 9 09 

.067 .039 .045 

.060 .039 .046 
6 7229 025 1.6 J5 1.40 J3 -093 .14 
6 7280 -25 1.6 =15 1.40 -13 -095 .14 
7 6825 945 1.5 -19 1.24 .24 .185 .026 
7 6871 e45 1.5 -19 1.24 .26 .187 -25 
8 6629 *75 1.4 .24 1.1 -35 032 A8 
9 6473 1 .lo 1.3 -30 1 .o -63 a 5 2  .88 
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I 
f 
I 
f 
I 
1 
I 
i 
i 
t 

0 

A 
Cs I Line Yrn N W  

Transition I Wavelength(1) I A I x1614ctn-3 I a 
4 '  
A 

9 6586 .084 9.45 -07 .04 -055 .046 
10 5839 ,069 4.30 .O9 
10 6034 -075 4.80 .09 

.063 ,078 .070 

.0675 ,092 .076 
11 5 568 .11 3.40 .11 3 *o .12 -17 .132 

12 5407 .20 3.26 .15 2.8 .22 -23 -25 
12 5573 .22 3.40 -15 2.92 .234 .28 .272 

11 5746 .12 3.63 si 3 e 2 5  .125 .16 .140 

7 
8 
8 
9 
9 
10 
10 

11 
11 

12 

6723* 
6010" 
6213* 
56641 

5466 
5635 
5340 
5503 
5414 

5845f 

-36 
.26 
.66 
*25 
-33 
* 32 
38 
-56 
-67 
1.14 

36 .o 
11 .o 
20.3 

5.10 
5 938 
3 -37 
3.14 
3.28 
3.22 

3 -32 

s o 3  
-05 
.06 
.08 
-09 
.10 3 00 
.11 2.8 
.12 2 99 
.14 2.8 
-17 2.8 

- .014 
- -035 - .045 
- ,072 - .092 
- .13 
- .16 
- .22 
- .27 
- .40 

- .022 
- .Ob5 
- .066 
- .lo 
- .11 
- .14 
- .17 
- .22 
- .28 
- .40 

- .15 
- .038 
- 0053 
- .OB8 
- .11 
- .166 
- .21 
- .29 
- -37 
- .62 

.21 2.96 - .59 -.61 -1.0 

5 8018* -37 6.49 .11 
5 8081* -47 8.55 .11 

-13 .10 .12 
-13 .10 .12 

6 7229 059 3.68 .18 3 *1 32 .24 34 
6 7280 053 3.40 .18 2.8 31 .24 .34 
7 6825 91 3.10 .22 2 -5 .56 47 -70 
7 6871 1.03 3.46 .22 2.8 .64 -47 -70 
8 6629 1-97 3.76 .28 2.82 98 .84 1 *35 
9 6473 2.6 2.97 935 2.1 1.68 1.33 2.40 
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Fig. 6. Measured shift (am) vs Ne for S series lines. 
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For a l l  series,  the experimental s h i f t  values a re  higher than the theo- 

r e t i c a l  values f o r  the  lower ser ies  members, match theory fo r  the middle ser ies  

members and a re  lower than theory fo r  the higher se r ies  members. The nS-6P and 

the  nF-5D ser ies  sh i f t s  are  t o  longer wavelengths and the nD-6P ser ies  l i nes  are  

t o  shorter wavelengths, as  predicted. A l i n e  drawn through the data points i s  

roughly pa ra l l e l  t o  the theoret ical  curve. The slopes of the experimental 

curves a re  a t  45" f o r  the low ser ies  members of the  F and D ser ies  and f o r  a l l  

the S ser ies  where the a correction i s  small indicating a l inear  relationship 

between Ne and dm. 

than 45" although both a re  pa ra l l e l .  

the  ion broadening term which involves cx and r increases as  Ne increases. 

These data were taken a t  electron temperatures ranging from 2630% t o  3100°K 
so t h a t  some degree of sca t te r  i s  expected, although sca t te r  due t o  t h i s  tem- 

perature variation should not exceed lo./,. For t h i s  reason no attempt was 

made t o  reduce the data t o  a common temperature. 

However, the slopes f o r  dm and d f o r  the  higher ser ies  l ines  a re  larger  

This indicates t ha t  the contribution of 
t 

The cause of the change of position of the experimental l ines  from above 

the theore t ica l  l i n e  t o  below it with increasing s h i f t  values was f i rs t  thought 

t o  be a systematic experimental error .  However t h i s  seems t o  be precluded by 

the  f a c t  t h a t  the displacement of the data from the theory remains constant 

( i . e .  pa ra l l e l )  over a factor  7 i n  Ne.  If a systematic error  i n  the experi- 

ment caused the displacement of t he  experimental points above the theory f o r  

small s h i f t s  and below fo r  large sh i f t s  one would expect the data f o r  a range 

of s h i f t  values between these two l i m i t s  t o  have curvature, i . e .  a t  the small 

s h i f t  l i m i t  data w m l d  be above theory and a t  the  high s h i f t  l i m i t  data would 

be below theory. This does not occur. 

Another display of the data which w i l l  allow a good comparison of the data 

with theory i s  a p lo t  of the width vs shift for  each ser ies  (Figs. 9 and 10). 

Theory predicts  t ha t  the d/w r a t i o  i s  constant with Ne and fo r  the a values 

i n  the  range of N i s  essent ia l ly  constant and equal t o  

d/w.  

theore t ica l  value of d/w. 

t h a t  t he  d /w  r a t i o  i s  constant. 

e s sen t i a l ly  constant with t o t a l  quantum number, n, and agree well with the ... 
t heo re t i ca l  values. 

decreases with n .  

value a t  n=13 i s  504'" lower. 

investigated, d /w e t t  
The slope of a l i n e  drawn through the data points i s  shown with the 

Most of the l i nes  a r e  a t  a 45" angle which means 

The dm/wm r a t i o  for the  S and F ser ies  a re  

The d / w  r a t i o  for  the  D l i nes  plotted i s  negative and 

The values fo r  n=10 and 11 agree with theory whereas the  
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Line Profiles 

We will analyze in detail four line profiles to compare the experimental 

512 9 712- line shapes with the profiles predicted by Griem. The profiles of the 7F 
5D5/29 7Fg/2-5D3/2-’ ~ o D ~ / ~ - ~ P ~ / ~ ,  and the llS1/2-6P3/2 lines are displayed’ in 
Figs. 11, 12, 13 and 14. The theoretical profiles were compiled from Eq .(7) 
where the areas under the experimental and theoretical profiles have been nor- 
malized. 

ured without interference from other lines and they showed good signal to noise 

characteristics. 

show the predicted asymmetry towards the shifted position. 
The dm vs Ne data showed that the theoretical shift d 

These particular lines were chosen because the wings could be meas- 

A l l  of the experimental shapes agree well with theory and 

overestimates the t 
shift for all values of d where a makes a substantial contribution to the 
shift. In fact Table I1 shows that the value of d appears between the theo- 
retical values for d and dt. This effect might be caused by an overestimate 

of the ion contribution to the width, assuming, of course, that the electron 
impact shift, d, is accurate. Therefore an experimental value of a was com- 
puted from the wings of the experimental profile from the relations for the 
reduced intensity in the wings. 

m 
m 

Ja = 1 + 0.75 a (asymmetric side) - 7  TtX 

1 - Js - - 2 
JIX 

(symmetric side) 

A - A o - d  
for x 3 4 where x = 

W 

The difference between the intensity in the wings at + x is a function - 
of a, 

The line Profile was then replotted f o r  this new a along with a) the measured 
profile and b) the profile with a given by theory(5) in Fig. 14. 
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For t h i s  purpose the  7F -6P l ine was chosen because it displayed t h e  
512 312 

best s ignal  t o  noise r a t i o  i n  the wings of a l i n e  a t  t he  highest densi ty  
14  (Ne=2.8x10 cme3). The a computed from the  p ro f i l e  i s  0.15 whereas the pre- 

dicted value i s  0.22. 

be t t e r  with the  measured value. 

This a of 0.15 value yielded a smaller dt which agrees 

V i z  . 
= 0.56 A fo r  7Fg/2-5D3/2 dm 

d = 0.47 
0 

dt = 0.70 A f o r  a = 0.22 

dt = 0.62 A f o r  a = 0.15 
0 

O f  course a l l  of these values fo r  d a re  r e l a t ive ly  close t o  each other 

so  t h a t  the  reevaluation of d 

not a s  dramatic a s  it would be i f  it could be made on the  l i nes  with la rger  

a ' s .  

which means t h a t  wing in t ens i t i e s  must be measured a t  

order of 10 A i n  order t o  use the asymptotic form for J ( x ) .  

t o  f ind l i n e s  which have no interfer ing l i n e s  over t h i s  spec t ra l  dis tance.  

by computing a from the experimental curve i s  t 

However these l i n e s  (8F and 9F l ines  l l D ,  e t c . )  have very large widths 

),Is which a re  the  
0 

It was d i f f i c u l t  

This F se r i e s  l i n e  i s  representative of a l l  the broad l i n e s .  I n  f a c t ,  

t he  measured s h i f t  appears t o  be closer t o  the  predicted electron impact 

s h i f t ,  d, where a=O than t o  the value f o r  dt obtained by using the  predicted 

a .  (4) The d i f f i c u l t y  i n  measuring the wings a t  greater  distances from the  

l i n e  peak hampers a more accurate measurement of CX, which might yield values 

of a which predict  the  measured s h i f t  more accurately.  

A similar s i t ua t ion  ex is t s  f o r  the broad D l i n e s  where the predicted 

Final ly  the s h i f t s  f o r  s h i f t  i s  la rger  than the  measured one and Q=i d .  

t he  broadest S s e r i e s  l i nes  agree more c lose ly  with prediction but here the 

value of d/w i s  la rge  and the  contribution due t o  the term containing a i s  

much smaller than those of the D and F l i n e s .  

We did not determine the influence of CX determined from the wing data on 

The contribution of CX t o  t he  width i s  generally a f ac to r  t he  t o t a l  width wt. 

of two l e s s  than i t s  contribution t o  the s h i f t  and therefore l e s s  important. 

Also the  r e s u l t s  of Gridneva and K a ~ l o v ' ~ )  showed good agreement between 

experimental and theo re t i ca l  widths for l i n e s  with a a s  large a s  0.31. 



I .  
Absorption Wf ect s 

Three absorption mechanisms which a f fec t  the  l i n e  prof i les  have been con- 

sidered i n  the analysis of these da ta .  A l i n e  w i l l  be broadened because of 

repeated absorption and re-emission throughout the volume of the plasma. 

bulk absorption i s  described i n  Appendix B.  

l i n e  i n  the cold layer  near the boundary of the plasma, where the r a t i o  of 

absorbers t o  emitters i s  much larger  than i n  the bulk of the plasma, w i l l  cause 

a d ip  i n  the  cent ra l  region of a l i n e .  This self-absorption can be described 

i n  terms of the  absorption coeff ic ients  f o r  a non-radiating gas derived i n  

Appendix A (see Fig.  3 and i t s  discussion). 

This 

I n  addition the absorption of a 

Finally,  the resonance l i nes ,  already widened by bulk absorption and se l f  

reversed, may fur ther  exhibit  an emission peak within the  self-absorbed portion 

of the l i n e .  

l a t e r .  

This e f f ec t  has been observed i n  our plasma, and will be described 

Only opt ica l ly  t h i n  spec t ra l  l i nes  were used t o  determine the  widths. 

ever the s h i f t  values of a l l  the  l i n e s  could be used because the center of the  

l i n e  i s  unaffected by bulk absorption. Also, the s h i f t  of the center of a 

self-absorbed l i n e  can be used t o  give an approximate value fo r  the electron 

number densi ty .  The center of the l i n e  i s  approximately determined by bisect-  

ing equal i n t ens i ty  posi t ion of the wings on e i ther  side of the  center where 

absorption e f f ec t s  a r e  negl igible .  Also, since the strongly absorbed l i n e s  

a re  the  lower members of a par t icu lar  se r ies ,  the  asymmetry i s  small so t h a t  

t h e  center can be determined accurately. 

How- 

Lines which a re  opt ica l ly  th in  for  a given ser ies ,  should lead t o  a rea- 

sonably constant e lectron density evaluated from the width. The influence of 

absorption e f f ec t s  a r e  shown i n  Fig. 15 which i s  a composite of f i ve  nD 

6P l i n e s  with t h e i r  centers matched a t  the  center of the f i r s t  l i n e  i n  the 

se r i e s  (7D -6P 
shape of a s e r i e s  of l i n e s  from a self-and bulk-absorbed condition t o  the opt i -  

c a l l y  t h i n  condition. 

- 
512 

) .  These data show the  progression (as n increases) of the 
312 

512 312 

Table I11 shows the  measured widths  and s h i f t s  from the D se r ies  l i n e s  

which include the  data of Fig.  15.  
obtained i n  the  same way a s  those of Ne and Ne 

t i o n  on Ne was performed using the l i ne  s h i f t  d a t a  and electron impact width w 

from t h e  plasma parameters of Table 111. 

The values of Ne and N,"' i n  Table I11 were 
W W '  i n  Table I1 except the i t e r a -  

W '  I n  addition Ne was computed as before. 
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WBLE 111. Shift and width data for D series lines a t  
14 -3 Np=2.8 x 10 cm , Te=2900%. 
N w' N d  N d l  
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0.32 

0.38 

0.56 

o .67 

1.14 

1.94 

0.022 

0 .Oh5 

0.066 

0 .lo 

0.11 

0.14 

o .17 

0.22 

0.28 

0.40 

0 -59 

36 

11 .o 

20.3 

5 *1 

5 938 

3 00 

2.8 

2 -9 

2.8 

2.8 

3 *o 

4.2 

3 e36 

3.60 

3 *65 

3 -2 

3 -50 

3 934 

3.60 

3 *45 

3 934 

3.40 

* Self-absorbed and bulk absorbed lines. 
hulk absorbed. 

These data show that bulk absorption, combined with self -absorption (which 

W' 
can cause an inaccurate estimate of the intensity maximum) causes an overestimate 
of Ne 
pure bulk absorption causes an overestimate by a factor of two for the 9D lines. 
On the other hand, the widths of the l O D ,  l l D ,  1 2 D  and l3D lines predict the 
same Ne value and thus fulfill optically thin criteria. 

by an order of magnitude for the lower series members (7D and 8D)  and 

If we ignore the 7D value, then N:' is seen to vary by only a factor of 
1.5 over all the series members. 
that it is very difficult to determine its center. The value of N:' decreases 
from 8D to 1 9  because of the increasing effect of the a term as indicated in 
the section on widths and shifts. 

The 7D line is bulk absorbed to such an extent 

From these data we conclude that the values of NeW' and Ned'substantiate 
measurement from shift data is independent of absorp- the concept that the N 

tion effects and hence more reliable. 
e 
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The shift of a self-absorbed line can also be measured by determining the 
position of the center of the line with respect to the absorption dip. 
the absorption occurs in a relatively cool region of the plasma, where the 

electron density is low, this dip corresponds closely to the unperturbed line 
position. 
use of a fiduciary. 

Since 

This measurement allows an estimate of electron density without the 

Bulk and self-absorption are common to lines in all spectral series. 
additional effect has been observed in lines of the principal fresonance) 

An 

series which is the appearance of an emission peak within the self-absorbed 

portion of the lines. 
which is a tracing of 7P 
is believed to be caused by a right angle scattering of the radiation in the 

This resonance fluorescence is displayed in Fig. 16 
The emission peak in the absorption dip 112 - 6p1/2* 

region near the viewing window where the optical depth is less than unity. 
If this hypothesis is correct, the center of this emission peak should be very 
close to the unshifted position of the line, a fact substantiated by measure- 
ment. 

self-absorption minimum of the fiduciary line which corresponds to the unshifted 

line position. 
required to completely explain this phenomenon. 

The resonance line emission peak in Fig. 16 lies at the position of the 

Additional studies beyond the scope of this program would be 

Continuum Measurements 

The radiation intensity emitted by the recombination of free electrons 

into the 6P bound states (henceforth called the continuum intensity) in a 
region free of interferences was monitored during the time over which the pro- 

2 file data were obtained. 

its fluctuattton The rf 
power and oven conditions were adjusted so that Ne was held to within + l oyo .  

At appropriate time intervals a scan wils made over the wavelength region 

from the 6P $series limit (4 4900 i) to 4000 
the 6P continuum intensity to N was derived by Agnew ( 2 J 8 )  from the experi- 

Since this intensity, I‘ , is proportional to Ne , 
provided a good indication of the fluctuation of Ne. 

- 

* The expression which relates 

e 
mental results of Mohler. (7) 
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Fig. 17. Representation of continuum for temperature measurement; XIA versus 1/A . 
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”[ 
0.49 x 182 e kTe 

3 / 2  A e cm’- sec - s t e r  

where :is the wavelength a t  the 6P ser ies  l i m i t  

i s  the wavelength a t  the measured posit ion 

i s  the electron temperature 
A 
Te 

Equation (12) can be rewrit ten i n  a simplified form t o  show the wavelength 

dependence of I . x 

Therefore, a p lo t  of AIA vs A-1 wil l  yield the electron temperature, Tea  

Figure 17 i s  a typ ica l  p lo t  of these data.  

The wavelength dependence of the  continuum in tens i ty  (I( A ) ) , obtained 

from a hydrogenic approximation (Eq.10 Appendix B) i s  A-2 instead of 

derived by Agnew. We choose t o  use Eq.(12) since it has been experimentally 
verified by Agnew(2) and by Gridneva and Kasalov. (4) 

We plotted the hydrogenic continuum dependence with our data, and 

obtained temperatures 107, lower than those quoted i n  the t e x t .  

These differences were not significant as  f a r  as  our primary determinations 

of s h i f t s  and widths were concerned. But if  the absolute continuum in tens i ty  

were used t o  determine the electron density, the differences between values 

obtained from the two expressions would be s ignif icant .  

very accurate absolute calibration of the monochromator. 

take i n t o  account such factors  a s  a change i n  the transmission of the glass of 

the  plasma tube with time and variations i n  photomultiplier sens i t iv i ty ,  which 

placed doubt on the constancy of our i n i t i a l  calibration. Thus we were unable 

t o  obtain a value of Ne from continuum in tens i ty  o r  t e s t  the va l id i ty  of con- 

tinuum expressions with these data.  

(Table II) . 

This would require a 

However we d i d  not 
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I .  
Error Analysis 

c -  
I 

The accuracy with which the  Stark broadening theory of Griem predicts  the  

which we use) has been ascertained t o  be - + l o y o .  (4) This uncertainty combined 

with our reproducibi l i ty  of these l i n e  shapes of - + 5 f 0  gives a maximum uncer- 

t a i n t y  of + 1570  i n  the determination of N . 
ducible t o  - + 0.01 A .  

t i o n  of t he  peak of the l i n e  combined with the  var ia t ion of the recorder pen 

displacement. To a t t r i b u t e  the  large dm values (compared with theory) t o  t h i s  

uncertainty we believe i s  precluded by the data of the 9 and 10s se r i e s  l i n e s .  

The peaks of these l i nes  were the sharpest and most accurately determined. 

Yet the  displacement of the  s h i f t  from theory i s  constant over the range of 

s h i f t  values from 0.008 A t o  0.1 A .  

e lectron density a t  9x10 13  ~ m ' ~  i n  a cesium plasma (for  the opt ica l ly  th in  l ines 

The s h i f t  measurements a re  repro- 

This l imi ta t ion  i s  caused by the  uncertainty i n  the posi- 
e - 

The electron temperature measurement from the continuum slope, appears t o  

be well within + 107, and i s  probably more l i k e  - + 5y0. 
values a re  insensi t ive t o  t h i s  temperature which therefore does not influence 

the  quoted accuracy above on t h i s  sh i f t  measurement. 

An experimental e r ror  of 0.01 A i n  s h i f t  would correspond t o  an uncertainty 

i n  Ne of - + 2% a t  Ne equal t o  1014cme3 f o r  t he  9F l ines ,  - + 1 5 T 0  f o r  the 9D l i n e s  

and - + 45y0 f o r  the 9s l i n e s .  

predict ions of Ne i s  - + 5°/0. 

measurements must be opt ica l ly  th in .  

l i n e s  which automatically lead t o  the low - + 5Y0 uncertainty. 

same l i n e s  ( for  example 9F) are  a t  l ea s t  t h i s  accurate.  

of t h i s  magnitude or be t t e r  may be also obtained i n  the  s h i f t s  of l i nes  en t i r e ly  

unsuitable f o r  width measurements but highly desirable f o r  other reasons. 

example i s  the  accuracy i n  the s h i f t  of the  S ser ies  l i n e s  which have large 

s h i f t s ,  high in t ens i ty  but small widths. 

The width and s h i f t  - 

0 

The quoted experimental uncertainty i n  the width 

However the l i n e  required f o r  meaningful width 

This r e s t r i c t i o n  l i m i t s  us  t o  broader 

Sh i f t s  fo r  these 

Furthermore accuracy 

An 

For any p raa t i ca l  diagnostfc application, l i n e s  can,be selected which 
have l e s s  strin$ent.resolution cequkrements than many of the  l i n e s  meas- 

i s  the  wavelength of t he  spectral  region of i n t e re s t  a n d a A  i s  the  separation 

of the  peaks of two narrow l ines  which merge a t  half maximum. 

power of our spectrometer i s  145,000 a t  6000 

here .  The resolving power of a spectrometer i s  defined a s h / A A  where h 

The resolving 

i n  t h e  6th order (where most o f t e  
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data  were obtained) with l5p entrance and exi t  s l i t  widths. This allows lines 
with separation of 0.04 A or greater t o  be resolved and it a l so  means t h a t  the 

width of the s l i t  function a t  half maximum (called the  apparatus width) i s  

0.04 i. 
l i n e s  whose t rue  widths a re  l e s s  than the apparatus widths require large cor- 

rect ions.  

than the apparatus width can be suitably corrected and t h e i r  t rue  widths obtained. 

Therefore we consider the  minimum resolving power required f o r  a l i n e  width 

measurement t o  be t h a t  number obtained when A h i s  s e t  equal t o  the t r u e  l i n e  

width 

0 

Since the p ro f i l e  of every l i ne  i s  modified by t h i s  function, those 

Our experiments show tha t  l ines  with t rue  widths equal t o  and la rger  

Since the s l i t  function i s  symmetric, the resolut ion requirement i s  not 

a s  s t r ingent  f o r  the s h i f t  measurement. For example, our s h i f t  data a re  accu- 

r a t e  f o r  s h i f t s  of 0.015 A or greater .  Thus i f  the  l i n e  width and s h i f t  were 

equal, approximately 3 times the resolution would be required t o  measure the 

width with the same accuracy as  the s h i f t .  For the  diffuse and fundamental 

s e r i e s  t he  widths w i l l  be a fac tor  of about 2 or more greater  than the  s h i f t s  

and thus the requirements on the instrument a re  only s l i g h t l y  more severe for 
the  widths than the s h i f t s .  For the sharp ser ies  where the  s h i f t  i s  1.2 t o  

1.5 times greater  than the  widths, the  resolut ion of the instrument required 

f o r  s h i f t  measurements i s  about 1/4 tha t  required f o r  the widths, as  evident 

by the f a c t  t h a t  only the widths of the 11s or 12s l i n e s  gave accurate values 

of Ne.  Thus the resolut ion of the spectrometer depends on the  method t o  be 

used (i .e. s h i f t s  or widths) and the spectral  s e r i e s .  

s e r i e s  requires the  highest resolution. 

0 

The lowest number i n  any 

Table I V  gives the resolut ion required f o r  measurements a t  an electron 
14 densi ty  of 10  

s h i f t  and width methods. The resolution tabulated scales inversely with the 

e lec t ron  densi ty .  

with an accuracy of 20y0 f o r  selected cesium l i n e s  by the 
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TABm IV. Spectrometer resolution r‘equirements for width and shift measurements. 

Cesium Line Resolution 
Series Designaticn Shift Width 

8 D  - 6 P  68,000 210,000 

10D - 6 P  30, ooo 48,000 
12D - 6 P  12,000 16,000 

14D - 6 P  6,000 7,000 

6 F  - 5 D  
8 F  - 5 D  
10F - 5 D  

10s - 6 P  
12s - 6 P  
14 S - 6P 

28,000 

8,000 

3,000 

84,000 
22,000 

9,000 

46,000 
13,000 

5,000 

350,000 
87,000 
31,000 
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Phenomena on Ionized Gases, Belgrade, (1965). 
A preprint  of t h i s  a r t i c l e  was obtained from Dr. L .  Agnew of Los 

Alamos Scient i f ic  Laboratory. The or iginal  Russian was translated and can 

be summarized as  follows. The widths and .sh i f t s  of a large number of ces- 

i u m  s, D and F ser ies  l i nes  were measured f o r  a single se t  of plasma param- 

e t e r s  - electron number density 9x10 13 and electron temperature 2380°K. 
The plasma source was the posit ive column of a dc  discharge i n  a mixture 

of cesium and argon. 

i u m  cold spot was 250°C. 
independent of width and sh i f t s  f r o m  the continuum in tens i ty .  This value 

was confirmed by using the Saha equation. It appears t ha t  the spectral  

measurements were made with photographic techniques, but few de ta i l s  a re  

given other than the Russian designation of the apparatus. 

measured re la t ive  t o  l i nes  of a dc i ron arc  displayed on the same photo- 

graphic p la te  a s  the cesium l ines  but no reference i s  made t o  the accuracy 

of t he  absolute wavelength calibration of the i ron  spectrum o r  s t a b i l i t y  of 

i ron  arc source. 

The p a r t i a l  pressure of argon was 80 mm and the ces- 

The electron density of t h i s  source was measured 

The s h i f t s  were 

Their measured cesium spectral  widths are  within 107, of the pre- 

dicted t o t a l  width (wt of Eq.(8)) given by the Griem theory f o r  t h i s  plasma 

condition. Because of l imitations i n  t h e i r  photographic method, sh i f t s  

measurement could be made only on l i nes  whose sh i f t s  were between 0.05 A 

and 0.7 A .  

value, taken from Griem. However, the theoret ical  values l i s t e d  a re  those 

of t he  electron impact s h i f t  d ,  whereas the measured sh i f t s  (am) should be 

compared t o  the predicted t o t a l  sh i f t  (dt of Eq.(8)). 

They measured each value along with a corresponding theoret ical  

With these qualifications i n  mind, t h e i r  data show these trends: 

All the%easuced s h i f t s  aiae larger than thebry fo r  the S ' l ines ,  9 s - 6 ~  t o  
13S-6P with the meaimred; s h i f t s  ,approachink h as  ' n  increases. 

D s e r i e s ' l i n e s  match t h e e y  (a) f a f r l y  well from gIY16P t o  14D-6P 'with the' 

15n-6P s h i f t  larger  than theory. Finally,the 9F and lOF-5D s h i f t s  matched d .  
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APPENDIX A - Plasma Spectroscopy 

The various methods of spectral plasma diagnostics will be discussed in terms 
of the phenomena observed. In all cases, unless stated otherwise L.T.E. is 
assumed. 
Various checks for the assumption of L.T.E. w i l l  also be given. 
phenomena is that of spectral line emission and the intensity of such lines. 

Line Intensity: 

Figure 1 shows the electronic energy level diagram of an isolated atom. 
excited energy levels are shown. 
ionization potential Xfor an isolated atom. 
ing the electron beyond E, and into the continuum. 
in its ground, or unexcited, state and its outermost electron occupies the 
ground state level Eo. When the atom is excited, the electron moves to one of 
the bound excited levels, El, E ~ ,  E3, etc. or if given enough energy ( x or 
greater) it becomes free of the atom and exists in the continuum (with kinetic 
energy E-X ) . 
excited atom in one of the bound states. Regardless of the manner in which 
the atom is produced in one of these bound states, it will in time decay to 
the ground state. Enroute to the ground state the electron may fall momen- 
tarily into a number of intermediate lying excited states. 

The diagnostic method will then be derived from these phenomena. 
The first 

I 
I 
I 
I 
I 

Six 
The energy of E- corresponds to the usual 

Ionization corresponds to excit- 
The atom normally exists 

A free electron and ion can recombine and give rise to an 

I 
For each such 

I 

INTRODUCTION 

There are various ways to investigate plasma parameters. Electrical 
probes are widely used. They have the disadvantage of perturbing the plasma 
due to the physical size of the probe. Probes give data relative to ion den- 
sity, electron temperature and energy distribution. Microwave attenuation is 
used to measure plasma densities in the range of lo7 to 1OI2 electrons per cc. 
Very far infrared attenuation is now being studied for use in the 1OI2 to 1014 
range. 
tool for investigating pla ma temperatures and densities for densities greater 
than 1013 electrons per em4 is optical spectroscopy. 

Ideally, spectroscopic methods yield the most information for those plasmas in 
which local thermal equilibrium (L .T .E .) exists. 
when the kinetic temperatures of the electrons, ions and atoms and those char- 
acterizing the distribution over the bound states (Boltzmann factors) ar,d the 
free states (Saha equation) of the excited particles are alike. This is true 
when the electron densities are greater than 10l6 em-3 and temperatures are 
less than 10 ev. However in plasmas which are collision dominated ?.e. in 
which excitation and de-excitation, ionization and recombination are mainly 
caused by electron collisions, the L.T.E. criteria only require the equality 
of the electron temperature with the distributional temperatures of the upper 
bound states. Then, one can tentatively extend the spectroscopic methods to 
electron densities of 1013 em-3 and temperatures of the order of a tenth ev. 
The validity of this extension can and should be tested since the spectroscopic 
methods contain various self consistence tests which show the limits of their 
applicability. 

These methods only yield number densities. Perhaps the most powerful 

Complete L .T .E. prevails 

SPECTROSCOPIC THEORY 
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transit ion,  the atom w i l l  emit a photon of energy. 

where u and 1 denote the upper and lower energy levels  and v the frequency of 
the photon. The emission of t h i s  photon gives r i s e  t o  a discrete  spectral  l i ne  
of frequency vul .  The in tens i ty  of t h i s  l i n e  i s  

Iul - - Aul Nu hvul 

where A, i s  the probability of the ra te  of the t rans i t ion  occurring from the 
upper u& s t a t e  t o  the lower lth sta te ,  Nu i s  the number of excited atoms i n  
the upper s t a t e  which can par t ic ipate  i n  such a t rans i t ion  and hvul the emit- 
ted photon energy. 

For systems i n  L.T.E., the  population of the various excited s ta tes  can be 
expressed by the Boltzmann relat ion 

-E /kT Noe u gU 

go 
N = -  

where No i s  the population of the ground s ta te ,  T the temperature characteris- 
t i c  of the manner i n  which the excited s ta tes  a re  populated and gu and go are  
the s t a t i s t i c a l  weights of the  upper excited and ground s t a t e  respectively. 
Since excitation and de-excitation are  by electron col l is ion t h i s  i s  the elec- 
t ron temperature. Thus the l i n e  intensi ty  becomes 

-EU/kT 
- gu hvul - 

g0 
I U 1  - *u1 Noe (3) 

The degree of ionization i n  the plasma can be writ ten i n  terms of a s t a t i s t i c a l  
re la t ion,  the Saha equation. 
Boltzmann dis t r ibut ion for the  bound s ta tes  (Eq.2) so a s  t o  include the elec- 
tron dist r ibut ion (considered Maxwellian) for the continuum. A s  a consequence 
of t h i s  treatment the temperature T i n  the equation, fo r  a col l is ion dominated 
plasma, i s  the electron temperature (given by the Maxwellian dis t r ibut ion) .  
Written i n  a form re lat ing the electron density, Ne, t o  the ground s t a t e  
density, No, the Saha equation i s  

The Saha equation i s  obtained by extending the 

where 

- = S(T) = Const(kT) 
NO 

X ' = X - A X *  

(4) 

y' i s  the observed ionization potential .  X i s  the usual ionization poten- 
t i a l  f o r  an isolated atom and A x i s  the amount the ionization potent ia l  i s  
lowered due t o  the presence of f i e l d s  from neighboring ions. 
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Continuum Intensities: 

The emission of continuous radiation results Cmm two dominant causes: 
sitions of free electrons within the continuum while in the field of an ion, the 
free-free radiation or Bremsstrahlung, and (2) the radiative recombination of an 
electron into one of the bound electronic levels to form an atom in an excited 
state from an ion-electron pair, the free-bound radiation or recombination con- 
tinuum. 

(1) tran- 

Bremsstrahlung results from the slowing of a fast electron in the field of the 
ion. 
quency that can be radiated in the stopping process is: 

If the electron originally has a kinetic energy m$/2, the largest fre- 

2 = mv 
2h 
- 'max 

From this limit the continuum of frequencies can extend towards lower values 
since arbitrarily small energy changes may occur in the retardation process. 
The intensity of the free-free continuum then depends on the velocity distri- 
bution (Maxwell-Boltzmann) of the free electrons i.e. on the number of elec- 
trons whose velocities permit them to contribute to the radiation at a given 
frequency in accordance with Eq.(6). 
be written 

Consequently, the free-free intensity can 

The free-free continuum intensity w i l l  decrease as the frequency increases. 

Superimposed on this free-free continuum is the recombination continuum. This 
results from a radiative recombination of an electron and ion to form an exci- 
ted atom. 
ponent of the total free-bound continuum. 
a lower limit at the frequency equal to the difference between the observed 
ionization potential, X' and the lower bound state,l, corresponding to the 
recombination of an ion with an electron that has zero velocity. 

Recombination into each of the bound levels will give rise to a com- 
Each of these components will have 

V = X'-E1 
h min 

This frequency is called the series limit. 
limit for each of the bound states E . 
tron with velocity v, the energy of %he emitted photon will be 

There will be a definite series 
For upon the recombination of an elec- 

The intensity of the recombination continuum for a given bound state is derived 
by considering transitions between a set of pseudo-hydrogen levels in the con- 
tinuum and that bound state with the limitation that the first of these pseudo- 
hydrogen level be at ~'Eq.(8). 
tinuum is then found by summing over the various bound states. This free-bound 

The intensity of that total free-bound con- 
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intensi ty  i s  

2 -hv/kT 
Ne e 

Const 

n 

where the n ' s  are  the effective quantum numbers. 
defined by the energy difference between the  ser ies  l i m i t  and the photon energy 
(see Eq.(9)) and %ax defined by the series l i m i t  (see Eq.(8)) 

Figure 2 shows the t o t a l  continuum emitted by the s ix  level  atom shown i n  Fig.1. 
The in tens i ty  of t h i s  continuum i s  the sum of the free-free and free-bound con- 
t r ibut ions as  given i n  Eq. (11). 

The sum i s  taken from wn 

Icontv  = - Const e A~/'T + Const AEn/kT] Ne2 .-hv/kT (11) 
( kT ) [ 

Superimposed on the continuum of Fig. 2 i s  the se t  of discrete  l i nes  (ser ies)  
resul t ing from transi t ions ending i n  the f i r s t  excited leve l  El. A t  the  high 
frequency end t h i s  ser ies  approaches the ser ies  l i m i t  Eq. (81 f o r  the recombina- 
t i on  continuum in to  El. The frequency difference between the ser ies  l i m i t  and 
any given observable ser ies  l i ne  i s  equal t o  the difference between the observed 
ionization potent ia l  x '  and the upper s t a t e  involved i n  the t rans i t ion  corres- 
ponding t o  tha t  l i n e .  For example, for the ser ies  shown i n  Fig. 2, the l i nes  
have frequencies ( q - E l ) / h  and the series l i ~ t  i s  (X'-El) /h .  
between these i s  then 

The difference 

A s  the  observed ionization potent ia l  i s  reduced,hv i s  reduced and the ser ies  
l i m i t  advances towards lower frequencies. 
t i a l  due t o  e l ec t r i c  f i e lds  from neighboring ions i s  great enough the  higher 
ser ies  members will merge in to  the series l i m i t .  
higher se r ies  members are  thus a function of the reduction of the ionization 
p o t e n t i a l x  . 

If the reduction i n  ionization poten- 

The number of observable 

Line Profi les  

I n  general spectral  l i nes  do not resul t  from the emission of photons of a single 
frequency, rather they resu l t  from the emission of photons having a dis t r ibut ion 
of frequencies around a value similar t o  t h a t  given i n  Eq.(l). 
the l i n e  having a defining shape o r  profile.  
given by the Heisenberg uncertainty principle 

This resu l t s  i n  
The limiting l i n e  prof i le  i s  tha t  

where &,E i s  the uncertainty i n  the upper energy leve l  from which the t rans i t ion  
occurs a n d a h  i s  the uncertainty i n  the time fo r  which tha t  leve l  i s  occupied. 

This l i m i t i n g  p rof i le  resu l t s  i n  the so-called natural l i ne  width. The natural  
l i n e  width i n  wavelength uni ts  as given by c lass ica l  electrodynamics i s  constant 



I ”  

and i s  

The der ivat ion of the  natural  l i n e  width from the  uncertainty pr inc ip le  leads t o  
similar r e s u l t s  but not t o  a constantAX . A t i c a l  value of the  quantum mechan- 
i c a l  na tura l  w i  t h  i n  the op t i ca l  region ( v  -9 = 10 5 sec-1) i s  A v  
( 4Xe1 io- t A ) .  

107 sec-1 

Doppler Broadening: 

Since radiat ing plasma pa r t i c l e s  a re  not a t  r e s t ,  the  emitted photons can 
undergo a Doppler s h i f t .  
of the  motion of the  emitting p a r t i c l e s  r e l a t i v e  t o  a s ta t ionary detect-or. 
wavelength u n i t s  t h e  Doppler width (half  width a t  l / e  peak in t ens i ty )  i s  

The Doppler e f fec t  increases  the l i n e  width because 
I n  

where % i s  the  temperature of t he  p a r t i c l e  of mass M withXo the wavelength of 
the  l i n e  a t  maximum in tens i ty . ,  Typical vQ1ues of th% Doppler width f o r  the  
cesium resonance l i n e  a t  8521 A a r e  0.006A and 0.008A f o r  atom temperatures of 
130 “C and 330 “C respect ively.  

Resonance Broadening: 

Another broadening phenomenon which influences l i n e  p ro f i l e  i s  cal led Resonance 
Broadening (sometimes referred t o  as Pressure Broadening). This e f f e c t  i s  due 
t o  co l l i s ions  between excited and ground s t a t e  atoms which may be likened t o  
an in t e rac t ion  between o s c i l l a t o r s .  The o s c i l l a t o r  strengths of the  resonance 
l i n e s  a r e  usual ly  very high, and the coupling of these o s c i l l a t o r s  w i l l  there-  
fore  be correspondingly g rea t .  This coupling can r e s u l t  i n  a d i s t r ibu t ion  i n  
the  emitted frequency, 
wavelength u n i t s )  f o r  resonance broadening i s  given by 
i n t e n s i t y )  n 

and thus i n  a broadening of the  The width ( i n  
width a t  half 

A X R = ~  eL - k o 3  flu N1 
2 C 

where f l u  i s  the absorption osc i l l a to r  strength,  N 
absorbers (pa r t i c l e s  i n  the  lower s t a t e )  and the  o$her quan t i t i e s  a re  a s  previ-  
ously defined. 

i s  the  number densi ty  of 

For the  cesium resonance l i n e  CsI 8521 A X R  i n  A i s  

S tark  Broadening and S h i f t :  

I n  dense plasmas a t  moderate temperatures(p1asma i n  L.T.E.) the  Doppler and 
resonance broadening mechanisms are  small compared t o  those caused by the  in t e r -  
ac t ion  of t he  radiat ing p a r t i c l e  with the  f i e l d s  of the ions and electrons i n  
the  plasma. Because of t h e i r  dependence on e l e c t r i c  f i e l d ,  the e f f e c t  of these 
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interactions on l i n e  prof i le  i s  called Stark broadening. 
broadening may be considered i n  terms of the following two mechanisms. 
ating atoms find themselves i n  a s t a t i c  e l ec t r i c  f i e l d  caused by neighboring ions. 
An electron i n  an excited l eve l  can interact  with these f ie lds ;  t h i s  interact ion 
displaces the l eve l  from i t s  or iginal  (unperturbed) value, and r e su l t s  i n  a s h i f t  
i n  frequency of the emitted photon. 
w i l l  exhibit  a greater  sh i f t  i n  frequency. There w i l l  a l so  be an uncertainty i n  
the  posit ion of the s h i f t  because of s m a l l  differencesin the f ie lds  a t  each 
radiator .  This wi l l  cause the  emitted radiation t o  be broadened about the  aver- 
age s h i f t  value. 

'Be phenomena of Stark 
The radi-  

The higher frequency l ines  f o r  a given series 

I n  addition t o  these s t a t i c  ionic f i e lds ,  the  radiator  i s  i n  a rapidly changing 
f i e l d  of the  fast  moving electrons.  
sidered as a co l l i s ion  of the  electron and the  radiator .  
the radiat ion process i s  rapidly quenched. 
emitted wave t r a i n )  r e su l t s  i n  an uncertainty i n  the  l i fe t ime of the  states 
involved i n  the t rans i t ion ,  with a corresponding uncertainty i n  the energy of 
the emitter photon. 
with a s h i f t  i n  i t s  center frequency (the frequency a t  maximum l i n e  in tens i ty) .  
The p ro f i l e  of such a broadened and zhifted line can be written as 

The actions of these f i e lds  may be con- 
After a co l l i s ioc ,  

This quenching (cutt ing off of the  

This resu l t s  i n  a broadening of the spectral  l i n e  coupled 

rw 

where the  frequency A w  (expressed i n  angular un i t s )  i s  measured r e i a t ive  t o  
the  l i n e  center wo. F-(E)dE expresses the probabi l i ty  t h a t  the radiator  i s  i n  
a f i e ld  of magnitude between E and E + A  E, a i s  a coefficient related t o  the  
perturbation of the t o t a l  energy of the  radiator  by the  f i e l d  and W and d are 
t h e  values of the l i n e  width (half width a t  half in tens i ty)  and s h i f t .  
width and sh i f t  are respectively the  imaginary and r e a l  par t  of the  Hamiltonian 
of such a perturbed rad ia tor .  

The 

w = - I m ( r ; )  H 

d = Re [ E )  H 

The above theoret ical  consideration resu l t s  i n  a spectral  l i ne  p ro f i l e  ident i -  
c a l  t o  that  actual ly  observed. 
d i s t r ibu t ion  

The observed l i n e  contour i s  given by a Lorentz 

( 1 9 )  1 [ ( n w  - dl2 + 3 
W 

I ( w )  = Const 

where t h e  l i n e  width and s h i f t  are  equal t o  a constant (weak function of the 
electron temperature) times the number density 

W = Const Ne (20) 

d = Const Ne (21) 

References(23) ha= a tabulation of these constants fo r  cesium. 
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"he an limiting lysis of the line profile is independent of'th s sump - 
tion of thermal equilibrium and so affords a particularly useful method for 
plasma diagnostics. 

Absorption 

Before compiling the various diagnostic techniques which these spectral data 
afford, it is important to determine the manner in which the emitted line radia- 
tion is altered before leaving the plasma. Ehitted plasma radiation w i l l  in 
some part be absorbed by the plasma and neutral gas atoms. 
Eq.( 3) for spectral radiation requires a simplifying (and necessary) condifion 
that the plasm is optically thin -the emitted radiation is transmitted with- 
out absorption. 
generally true. 
radiation does not approach that of a black body. 
data some adjustments must therefore be made for this parttially thin-partially 
thick nature. 

The derivation of 

Near the core (w,) of strong (resonance) lines this is not 
Neither are most plasmas tsuly thick so that the energin! 

In analyzing the spectral 

Absorption is less a factor when transitions between highly excited states are 
considered. "his is du to the lack of a large number of absorbers in these 
states. Transitions to the ground state, i.e. resonance lines, do exhibit 
absorption under most conditions and are not selected for line profile analy- 
sis. Continuum radiation, especially that on the high frequency side of a 
series limit, can be considered thin for most laboratory plasmas. 

'i 

Two types of absorption can play an important role in the observed line profile. 
First is absorption in a cold layer which may constitute the boundary of an 
otherwise uniform plasma. This is shown in Fig. 3. The broadened emission 
line whose profile is centered around some shifted frequency w' passes into 
the cold layer which has a thinner absorption profile that is centered about a 
frequency which is closer to the unshifted frequency wo. This results in a 
so-called self-reversed line. The frequency difference between the self- 
reversal minimum and the emission maximum is a measure of the shift of the 1TRe. 
The intensity at the core of the line w i l l  be cut down strongly by the absorp- 
tion, while the intensity in the wings of the line w i l l  be relatively unaffected. 

The second type of absorption is volume absorptlon. This is shown in Fig. 3s.  
Both the absorption and emission line contours are the same. 
about the shifted frequency w'. 
Of the line, where the absorption coefficient approaches a maximutx, but there may 
still be a non-negligible absorption in the line wings. 
observed line which appears quite a bit flatter than the emission line in con- 
todr but which is still centered about the shifted frequency w'. A contour sim- 
ilar to self-reversal in a cold layer may result, from the voldme absorption of 
a very intense, very broad emission line. 
the resonance lines of the lower series members. 

30th are centered 
The absorption is again greatest at the core 

This results in an 

True self-reversal will appear in 

Diagnostic Techniques 

The spectral phenomena discussed indicate several methods of determining the 
parameters of temperature and number density in a radiating plasma. 
plasmas in question are considered dominated by electron collisions the excl- 
tation 

Since the 

(Boltzmann) and ionizaki on (Saha) temperatures are those of the 
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electron. 
the atom. 
this laboratory. 
the line has been overshadowed by its Stark profile. 
are listed in Table I. 

Only in the case of the Doppler contour is the temperature that of 
All methods except that of the Doppler contour have been applied at 

In the plasmas investigated thus far the Doppler profile of 
These diagnostic methods 

of the various methods of determining electron density all but the Stark p o -  
file and Series Limit methods are sensitive to the condition of L.T.E. The 
validity of L.T.E. can be checked by comparing the values obtained from these 
measurements with those obtained from measurements which required the assump- 
tion of L.T.E. (Saha Equation). 
dominated plasma can similarly be checked by comparing the values of excitation, 
ionization and kinetic temperatures. And finally if the temperature of the 
various particles are known (the ion temperature can be determined from the 
Doppler width of an ion line) the completeness of L .T.E. can be checked. 

The validity of the assumption of a collision 
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Figure 1 - Energy l e v e l  diagram for pseudo-plasma atom. 
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Figure 2 - Plasma spectrum showing the full continuum and the El series 
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Figure 3 - Discrete line absorption. 
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APPENDIX B 

ABSORPTtON OF RADIATION I N  RADLATING AND NONRADIATING MEDIA 

INTRODUCTION 

The in tens i ty  of a spectral  l i n e  can y i e l d  much information concerning the radi-  
ating par t ic les  and t h e i r  environment i f  the radiation i s  not absorbed when t rave l -  
ing between the radiating par t ic les  and the detector.  The atom number densi t ies  
and excitation temperature can be obtained from absolute and re la t ive  in t ens i ty  
measurements and an analysis of the l i ne  shape w i l l  determine the perturbing mech- 
anism which could yield electron densit ies o r  atom temperatures. 
radiation i s  absorbed t h i s  information will be masked by the e f fec t  of the absorp- 
t ion .  
i t s  in tens i ty  o r  intensqty prof i le  can be analyzed. 

I n  order t o  es tabl ish a basis f o r  these corrections a description of the absorption 
i s  f i r s t  given f o r  a radiating gas which obeys Kirchoff's Law and which has a con- 
s tant  temperature and number density throughout i t s  length. 
developed which allows absorbed in tens i t ies  t o  be reduced t o  the i r  nonabsorbed Val- 
ues so tha t  the foregoing analysis can be made. The l imitations on the use of t h i s  
fac tor  a r e  defined and the resu l t s  of a more general treatment of t he  absorption of 
spectral  l i nes  a re  quoted f o r  l ines  which have a Lorentz or Doppler prof i le .  

However, i f  the  

Consequently an estimate of the absorption must be made f o r  each l i n e  before 

A factor  6 i s  then 

Finally, the in tens i ty  equations derived fo r  a radiating gas are shown t o  have the 
same form a s  the  absorption prof i le  of a continuous l i g h t  source which i absorbed 

parison. 
by a neutral  gas. The equations a re  applied t o  cesium absorption data (18 f o r  com- 

ABSORPTZON OF EMITPED RADIATION I N  PLASMA 

General Radiation Equation 

The In tens i ty  of radiation f rom radiating atoms can be derived from the general 
equation for radiat ion t ransfer .  I n  plasmas, where the scattering of radiation 
i s  negligible, the change i n  in tens i ty  of radiation per un i t  volume, solid angle 
and frequency in te rva l  i s  the difference between the emission and absorption. 

Namely, i n  the  direct ion x, 

- I  d (Q X )  = CV(x) - ki (x)  I ,(~,x) ax v 

where I (Q,x) i s  the  in tens i ty  i n  the 
region bgtween x and x + dx a t  an angle between & and 8 + de, and k i (x)  i s  the  
effective absorption coefficient.  

(x) i s  the emission per un i t  volume. 

I n  co l l i s ion  dominated plasmas the effective absorption coefficient and the  emis- 
sion are related by Kirchoff's Law, 
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ergs B (T) = 2% 3 where 

2 cm2 str .  
V 

C 

The d i f f e ren t i a l  equation for  radiation t ransfer ,  Eq. 1, can be integrated(2) t o  
give 

- d V , X )  -+,a) b 

IV(8,b)  = 1 €,(x) e dx + Iv(e,a) e (3) 
a 

where a i s  the point of the plasma fur thest  from the l i n e  of s ight  and b i s  the  
near point:  e.g., a i s  the  point a t  which the radiat ion I (e,a) enters the  plasma 
volume and b i s  the po in t  a t  which it emerges from the plasma i n  the direct ion of 
observation (see Fig. 1) . 

V 

2 Here I (6,b) i s  the energy/cm -sec-str per frequency in te rva l  ( in tens i ty / s t r -  4.) 
emittea from the  end of the plasma volume of length (b - a ) .  I (e,a) i s  
i n t e n s i t y / s t r - n v  incident on the plasma boundary a t  point a ana T ( V , X )  

X 

ILl - 
a I b  

X- 

Figure 1 

I (%x) will be considered isotropic and Iv((3,a) sha l l  be taken t o  be zero, i . e .  
rad ia t ion  source i s  within the  boundary a - b . Then Eq. 3 becomes : 

Eq. 4 becomes: 



I .  
I 
I 
I 
i 
I 
I 
i 
f 
I 
! I 

I 

I 

I 

I 

I 

1 

I 

1 

I 

From which, 

(5)  

where L = b - a.  

This expl.ession w i l l  now be used t o  develop t h e  equations f o r  the  spectral  pro- 
f i l e s  fo r  op t ica l ly  th in  l ines ,  l i n e s  which a re  s l i gh t ly  absorbed, and opt ical ly  
thick l i nes .  

ODticallv Thin Plasma 

While most laboratory plasmas are not opt ical ly  thin,  the  expression f o r  opt i -  
ca l ly  t h i n  l i nes  i s  the  only one t h a t  can be developed i n  terms of the  atomic 
parameters of the  radiating system. The absorbed l i n e s  can then be t reated as 
having "perturbations" i n  t h e i r  p rof i les  caused by absorption. 

The exponential i n  Eq. 5 can e expanded i n  a ser ies :  

(k;L)2 - (k;L)3 + ....] } (6)  
2 !  3 :  

V i z  . 

If k'L i s  so small tha t  the terms of higher order than the  f i rs t  order can be 
neglgcted, the  radiat ing system (plasma) i s  termed opt ica l ly  t h i n .  

Then Eq. 6 can be writ ten as: 

1: = BY(T) k;L 

The superscript  o i s  t o  designate the  opt ical ly  t h i n  in tens i ty .  

From t he  theory of absorption (3) 

where v = (E, - q ) / h  
energy of t he  lower s t a t e  involved i n  the radiat ive t rans i t ion .  

and Em i s  t h e  energy of the  upper state and E, i s  the 

Also, 

1 2 
a = -  n e  

V mc Nn fnm [Normalized Line Prof i le  

Here Nn i s  the  number density of par t ic les  i n  the absorbing (lower) s t a t e  and 
f, i s  the  absorption osc i l l a to r  strength. 

The normalized l i ne  prof i le  i s  Lorentzian i f  the  broadening mechanisms are  
natural ,  pressure, resonance or Stark broadening. This shape will be used 
exclusively i n  the development of the  in tens i ty  equations because the Stark 
broadening i s  t he  dominant broadening mechanism for the  l i nes  of i n t e re s t  i n  
t he  C s  rf plasma. 
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The normalized Lorent z prof i le  ,x, has the following frequency and wavelength 
dependent form: 

9 
r Frequency dependence : x= 

where 1 = 7 i s  the f u l l  width a t  one half the maximum in t ens i ty  and A v  = v - vo. 

The frequency dependent form can also be writ ten a s  

2s 

Wavelength dependence : x= x 

where A' = w, the  f u l l  width a t  one half the  maximum in tens i ty  and AA=A-Ao. 2x 

Similarly the  wavelength dependent form can a l so  be writ ten a s  

2 1 

14- 4 ( U 1 2  W 
l 

Using Eqs. 2a, 7a, To, and 8a, Eq. 6a can be writ ten as 

2rre h 3 r erg 2 
Io = - vmn f m  Nm !?k L [ 

V mc 3 s 4n2(Av12  + (Gl2 

I n  t h i s  expression Nn was replaced with Nn = 

t he  s t a t i s t i c a l  weights of the  lower and upper s t a t e s  respectively.  

Qn e -hv/kT where gn and @in a r e  
grn 

A l s o ,  the  t o t a l  in tens i ty  
9 

2fie'h ,,3 f N g" ergs 3 m n n m m  
Io = 1 Ivdv = - mc cm -sec-str  

l i n e  

Eq. gb can a l so  be wri t ten a s :  

2 ergs/cm -sec-str  0 Amn L I = T Nm 'mn 
2 2  2 8rr e h vmn 

mc 
the t r ans i t i on  probabili ty.  gn 

3 fmn $n - where A = mn 
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Finally, rewriting Eq. 6a: 

S l igh t ly  Optically Thick Plasma 

The general expressions f o r  the  l i n e  prof i les  from a radiating system are now 
amended fo r  a system with an absorption of suf f ic ien t  magnitude tha t  t he  second 
order term i n  Eq. 6 must be used. 
order absorbed" or  s l i gh t ly  opt ical ly  thick l i n e s  i s  writ ten i n  terms of the  
opt ica l ly  th in  t o t a l  intensi ty ,  Io. 
the  observed t o t a l  i n t ens i ty  and f u l l  width a t  one-half maximum in tens i ty  (here- 
a f t e r  simply called the width) t o  those quantit ies f o r  the  opt ical ly  t h i n  case i s  
developed. 
defined i n  terms of the  atomic constants, absorber number density and width of the  
opt ica l ly  t h i n  prof i le .  
application of the  various absorption corrections. Plots of the  r a t io s  of observed 
t o  opt ica l ly  th in  widthland in tens i ty  as a function of the absorption a re  presented 
t o  i l l u s t r a t e  the usefulness of these corrections. 

An expression f o r  the prof i le  fo r  these "second 

From t h i s  expression an equation which r e l a t e s  

I n  performing t h i s  derivation the  parameter 6 i s  introduced. 6 i s  

This fac tor  i s  most useful  i n  defining the regions of 

Rewriting Eq. 6 t o  include the  second order term yields:  

or 

One can c a l l  t h i s  expression the in tens i ty  f o r  a s l i gh t ly  opt ical ly  th ick  plasma. 

Total In tens i ty  Correction: The t o t a l  in tens i ty  i s :  

l i n e  l i n e  

For i so la ted  l i n e s  the  in t eg ra l  on the r ight  can be writ ten as: 

l i n e  -eo -00 

Now, e - h v / k T 4  1 for;\ 4 1 . 4  p ' s  if the plasma temperature i s  l e s s  than 5000'K. 
Under these conditions, k ' (v )  = a(v) and with the  aid of Eqs. 7b, 8a and gd the  
in t eg ra l  becomes: 
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Since 
I 

00 

-09 I t he  expression fo r  the  t o t a l  l i n e  intensity,  Eq. loa, becomes, 

I = IO [l - L e  (--I 2 Nn ‘-3 
7 

I And, I = IO (1 - 6 )  

or 

where 

I - i- - (1 - 6 )  
I O  

L e2 Nn fnm 
2 mc y 
- -  - 

or ,  if the p ro f i l e  i s  plot ted i n  terms of A ,  

Theref ore, 
I 

0 1  1 = -  = I  [1+ 6 + E2 + ....I 
1-6 

o r  I O  = I (1 + 6 )  

o r  I 1 - =  - 
1 + 6  

IO 

1 i s  the  observed in tens i ty  (data) and Io ( the corresponding th in  
in t ens i ty  which i s  t o  be used i n  the  plasma parameter computation) i s  the  desired 
quantity . 
Figure 2 i s  a p lo t  of I/Io determined from the  complete radiation treatment (see 
below) 

Notice t h a t  the  fac tor  1/(1 + 6)  f i t s  the  t rue  r a t i o  over a much la rger  
region of absorption than does the factor (1 - 6)  which required one less approxi- 
mation: (see Eqs. 1 5  and l5a) .  The factor 1/(1 + 6 )  f i t s  the t rue  r a t i o  t o  within 
a f e w  percent up t o  a value of C % A ~  L = 4 .  
s i t y  diminishes with respect t o  the opt ical ly  th in  in tens i ty  a s  the absorption 
increases.  
plasma f o r  0 a~~ L e  4. 

l i n e  

1 along with the  factors  (1 - 6) and a s  a function of the absorption a t  
= 0. 

The p lo t  shows how the observed inten- 

Thus Eq. l5b may be used t o  describe a s l i gh t ly  opt ica l ly  th ick  



Width Correction: Equation 10 b t h  k' = a ) can be rewritten t o  show 
the l i ne  prof i le  i n  terms of A .  A X  

1 1 21 V i z .  I = I 0 2 [1 - N f  
4 f i 2 a  + (A) 

2 
1 

(16) 
Rewriting t h i s  equation i n  terms of the l i n e  prof i le  Eq. 8d and the factor  6 gives: 

3 1 1 - 26 0 2  1 

IA = I  - wfi 1 + 4(h/ \ l2  W [ 1 + 4 ( A - 4 I 2  W 

The maximum intensi ty  i s  a t  AX= 0 so tha t  

I = IO 2 [l - 261 
Wfi A o  

The r a t i o  of t h i s  in tens i ty  t o  the intensi ty  a t  one-half maximum i s  2.  

1, 
= 2  / i o  

I 

where a 1 1/2 i s  the half width a t  one-half the in tens i ty  of the s l igh t ly  absorbed 
l i n e .  

Substi tution of Eqs. 17 and 18 into Eq. 19 gives: 

L e t  

r 1 L 1  - 261 

1 26 

1 + 4(&1/2)' W - 1 + 4(%1/2)2 

1 2 =  

1 + 4 ( 2 )  Q4 = A 
W 

1 - 26 

1 + 4(&1/2)' W 1 26 

- 1 + 4(%1/2)2 

1 2 =  

Then , (1 - 26) A - 2 A  + 46 = 0 

The only phys'cally possible solution f o r  A i s  the posit ive root where the assump- 
t i o n  48 >>86 i s  made, so tha t  5 

1 - 6 = 2 (1 - 6)(1 + 26 + 46 2 + e . . )  

1 - 26 A = 2  
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I f  the  previous assumption holds: 

A = 2(1 + 6 )  

and 

or  w' /w = 1 + 6 ( 2 0 4  

where 2 Ad/2 i s  the f u l l  width, w'. 

Again, w' i s  the observed-value and w i s  the  opt ica l ly  t h i n  width, so t h a t  

w = w ' / ( l  + 6) (21) 

Figure 3 i s  a p lo t  of the r a t i o  of w' t o  w determined from the general theory (see 
below) along with the  fac tor  (1 + 6) as a function of the absorption a t  = 0. 
The fac tor  (1 + 6) gives a reasonable f i t  t o  the r a t i o  f o r  values of a 1  L up t o  
1.0 and gives a f i t  t o  within 20T0 f o r  values of a A o L  up t o  15. Actualyy the  
factor  1/(1 - 6) gives a be t t e r  f i t  f o r  absorption values up t o  1.0 but then 
rapidly diverges from the ac tua l  shape of the  r a t i o .  

Optically Thick Plasma 

I n  t h i s  section the r e su l t s  from the computation of Eq. 5 fo r  t e Lorentz p ro f i l e  
w i l l  be quoted i n  terms of the  absorption a t  the  l i n e  peak ( A  x = 0 ) .  These 
computations were made with no assumptions concerning the magnitude of the absorp- 
t i o n  but it i s  s t i l l  considered constant throughout the  radiating system. 
the absorption prof i le  f o r  the Doppler and combined Doppler and Lorentz broadened 
l i n e s  i s  defined. 
t h i n  in t ens i t i e s  i s  outlined f o r  each of these two conditions. 

Also, 

The steps required t o  obtain the  r a t i o  of observed t o  opt ica l ly  

Lorentz Prof i le :  If the absorption i s  large such tha t  no approximation can 
be made t o  Eq. 5, the plasma i s  said t o  be opt ica l ly  th ick .  

Eq. 5 can be rewrit ten as :  

where k * as before. 

Now i n  order t o  derive an expression for l i n e  p ro f i l e  we first r e c a l l  Eqs. 7 and 
8d which give the re la t ion :  

A = a A  



and 

I where F = h h/w and a x o  i s  the  absorption a t  the l i n e  center ( 6, = 0 )  

Also, f o r  reference, 

aAg = 4s 

where, hereafter a~~ i s  replaced with ole. 
i s  small, the var ia t ion of B (T) with A Now i f  the  spectral  range of 

1 + 4 F  
t h i s  range ,can be neglected and B 1 (T) held constant; t he  l i n e  p ro f i l e  i s  
given by A 

over 
then 

And the  t o t a l  i n t ens i ty  1 s  

But the  in t ens i ty  of op t ica l ly  th in  radiat ion i s :  

The r a t i o  of the  in tens i ty  of the opt ica l ly  thick t o  opt ica l ly  t h i n  l i n e  radia- 
t i o n  i s  therefore,  oo 

(26) I - - - exp[-aoL (*I) d X  

F - -  aoL 

Landenberg and R e i ~ h ' ~ )  show t h a t  t h i s  in tegra l  could be calculated with the a i d  
of Bessel functions. Their r e su l t  i s :  

P r  1 

a A  = IIW f(aoL/2) li 1 
1 + 4 F 2  

A p l o t  of f(aoL/2) vs (a0L/2) i s  tabulated by Penner. (4) 

Final ly ,  

This r a t i o  i s  plot ted i n  Fig.  2 along with the values of (1 - 6)  and 1/(1 + 6) 
fo r  values of aoL t o  20. 



I, 

I 

For large values of 01 L, say CX0L >/ 10, the function f [ y]-+ OtOL SO t ha t  
0 

and 

f o r  a0L 3 10 I 2 - =  
IO -qq 

The width of t he  absorption prof i le  w' for  large absorption can be obtained simply 
by se t t ing  the  prof i le  equal t o  112 and solving f o r  2 AX. 

or  

A comparison of the  r a t i o  w ' / w  from t h i s  expression with the  r a t i o  obtained from 
plo ts  of Eq. 5 indicate tha t  Eq.  29a i s  valid f o r  

This r a t i o  of the f u l l  width of the prof i le  of Eq. 5 t o  t h e  opt ica l ly  t h i n  width 
i s  plot ted i n  Fig. 3 fo r  values of a L to .16 .  
gram, the  width i s  generated primarify from Stark broadening ef fec ts .  

For the  cesium plasmas i n  our pro- 

Doppler Prof i le :  When the  absorption p ro f i l e  i s  governed by Doppler broad- 
ening, t he  absorption Eq. 7b i s  written: 

where t h e  t e r m  
t he  ha l f  width 
Doppler width.  
- 

Also, 

where M i s  the 

i n  the  brackets i s  the  normalized Doppler l i n e  prof i le  and wD i s  
a t  1/e times the maximum in tens i ty  and i s  normally called the  

mass of the  radiat ing par t ic le ,  T i t s  temperature and An the  
v wavelength a t  the  l i n e  center. 

Since the  Doppler prof i le  introduces a new normalization fac tor  i n to  the  expres- 
sion f o r  01 Eq. 30 w i l l  be rewritten i n  terms of a constant fac tor  IS. A '  



Namely, 

where 

Or, one could write 

2 
K = -  

2 
fie 

mc Nn fnm 

The t o t a l  in tens i ty  of the Doppler broadenFd l i n e  can again be obtained by i n t e -  
grating Eq. 5 (and changing subscripts t o A ) .  

J 

The r a t i o  of I t o  I o , - t h e  in tens i ty  of an o p t i c a l l y  t h i n  
pendent of t h e  broadening mechanism) has been determined. 

For 0.1 < .< 30, 

er l i n e  (Io i s  inde- 

K L  

F W D  

outside of t h i s  range can be found i n  reference 4 .  
I K L  1/2 

Values of - 

A comparison of Eq. 34 with Eq. 29 shows t h a t  Goppler broadening causes much 
grea te r  absorption than Lorentz broadening. 
p r o f i l e s  have l a rge r  wings so that, t he  rad ia t ion  can effect ively "leak out" through 
the  wings of t t e  l i n e s  where the absorption i s  m7xh i e s s  than a t  t he  center.  

?'his i s  t o  be expected since Lorentz 

Comblned Doppler and Lorentz Broader-ing: The expression fo r  the p r o f i l e  of 
a l i n e  wnich i s  bo5k Doppler and Lorentz broadened i s  called the Voight formula, 

where w 
Lorentz width ( fu l l  - width a t  1/2 peak i n t e n s i t y ) .  

This expression i s  placed in to  Eq. 7b t o  yield CXA and CXA i g t o  Eq. 5 (with the  
appropriate subscript change) t o  obtain fhe i n t e n s i t y  per u n i t  wavelength. 
equatior, i s  integrated ar,d compared with Io f o r  a large range of KL and f o r  a 

i s  the Doppler width (1/2 widt;h a t  l / e  peak intensi ty)  and w i s  the D 

This 
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variety of "/aL, ratios by Penner. (4) The procedure which he outlines for obtain- 
ing I/I0 is the Tollowing: 

First the intensity ratio (I/Io) of absorbed to optically thin lines for a purely 
Doppler broadened line (characterized by wD) is computed. 
this ratio is increased by the Lorentz broadening (leakage through the w i n g s u s  
determined. This factor is given in Fig. 4-6 in reference 4 in terms of - 
and W/~WD. 
tion due t o  Doppler broadening alone. 

Then the factor by which 

8 w D  
The effect of the Lorentz broadening is always to reduce the absorp- 

A Criterion on Equation 5 for Cesium Plasmas 

The derivation of Eq. 5 requires that the emission and absorption coefficient are 
proportional(Eq. 2) This implies that the profile for the absorption and emission 
are identical - a large absorption means a large emission, etc. 
the emission and absorption processes are independent of each other and that each 
photon absorbed is essentially lost, to the radiation beam. 
rate of population of the excited state of an atom by collisions is substantially 
greater than the lifetime of the state. This requirement is most easily satis- 
fied for non resonance radiation. Consequently, a simple test of the criterion 
is to determine the ratio of collisional population of a resonance state and the 
lifetime of the state. 

This means that 

This is true if the 

- 

For hydrogenic atoms this ratio is: (6) 

R c o l l .  N e IEHl3 - ( - 'Hr2 
16 hv kT r =  

Rrad. 2.3 x io 

is the ionization potential of hydrogen (13.6 ev), and T is the kinetic 
ure of the colliding particles. 

And, r =  Ne 12 [ hv(ev) ] -3 [ kT(ev)] 
2.5 x io 

(37) 

For cesium resonance radiation, hv e . 7 3  and for our cesium rf experiments, 
kT 4 .3 ev. 

e 

.5 x 10 

Then, N 
12 r =  

If the collision population rate is ten times the radiation depopulation of the 
state we shall assume that Eq. 5 is valid. 

If it is greater than 10, then 

12 -3 Ne 5 x 10 cm 

The majority of the rf experiments are made with Eq. 38 satisfied. 

73 



If the  electron or ion density i n  a p a r t i a l l y  ionized radiat ing system i s  
suf f ic ien t ly  low or i f  the system i s  not ionized and can only absorb radiation, 
t h e  emisdion and absorption prof i les  can be governed e i t h e r  by Doppler or reso- 
nance broadening. 
case of s l i g h t l y  ionized plasmas and pressure broadening i n  the  case of the neu- 
t r a l  gas must be checked f o r  each element and l i n e  thereof .  
l i m i t s  can be stated; namely N e <  10l2 f o r  t he  exclusion of Stark broadening 
Na < 10l8 f o r  the exclusion of pressure broadening where Na i s  the number den- 
s i t y  of absorbers. 
w i l l  be t reated so  t h a t  only the pressure broadening c r i t e r i a  need be considered. 
A comparison of resonance and Doppler broadening w i l l  be made f o r  a cesium absorp- 
t i o n  c e l l ,  which simply contains cesium atoms i n  t h e i r  ground s t a t e .  

The c r i t e r i a  f o r  the exclusion of Stark broadening i n  the 

However very rough 

I n  these l a s t  two sections only the case of the neutral  gas 

The Doppler broadening p r o f i l e  i s  given by Eq. 30 and the  width by Eq. 31. 

Consequently f o r  cesium, 

0 

For the  cesium resonance l i n e  (8521 A )  

0 

w = 0.006 A f o r  T = 130°C 

w = 0.008 A f o r  T = 330°C 

D 
0 

D 

Resonance broadening i s  caused by t h e  coupling of which a r e  nor- 
mally the  ground s t a t e  atoms (i .e. atoms which'absorb t h e  
t i o n )  with t h e i r  resonance frequency and the spread i n  frequencies can be des- 
cribed by a Lorentz d i s t r ibu t ion ,  Eq. 8d: 

resonance radia- 

-D 2 1 

1 + 4 
A= w7( 

W R 
e 

where wR i s  the  - full width a t  &= 1/2. 

The bes t  value of t he  width for resonance broadening Ts. . (7) 

where f 
absorbers (ground s t a t e ) .  

i s  the  absorption o s c i l l a t o r  strength and Nn i s  the number densi ty  of nm 

Upon evaluation of t he  constants Eq. 40 becomes : 

where A i s  i n  ~ ' s .  
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For t he  C s  resonance l i n e ,  f = 0.814 

and ). = 0.8521 p ' s .  

m 

Therefore, 

The p r o f i l e  of a spec t ra l  l i n e  ( in  absorption or emission) w i l l  be a combined 
Doppler and Lorentz p ro f i l e .  
than the  Doppler width, the Lorentz d is t r ibu t ion  w i l l  describe the  l i n e .  
t he  c r i t e r ion ,  

However, i f  t he  resonance width i s  much l a rge r  
If 

w >,lo wD i s  used, 

then 

N~ 3 3 . 3  x io18 w,, (i) cm -3 

The cesium vapor pressure i s  a function of cold spot temperature but an upper 
l i m i t  on temperature i s  determined by the vapor container.  
t i o n  c e l l  the  upper l L m i t  on temperature i s  about 350°C which l i m i t s  t he  atoms 
t o  a Doppler width of w -., .08 A. Therefore, from Eq. 42, c r i t e r ion  f o r  reso- 
nance broadening dominagion i n  the  vapor i s  

For a g lass  absorp- 

N > 2.64 x 10l6 cm-3 n /  (43) 

The number densi ty  of cesium atoms i s  determined by i t s  vapor pressure above a 
cold spot.  
vapor pressure ( i n  mm of Hg) i s :  

The equation which r e l a t e s  the cold spot temperature ( i n  OK) t o  t he  

3833.682 
T loglo P = 6.949 - 

where P i s  i n  mm of Hg and Na i s  t h e  number densfty.  

For a cold spot temperature of 300°c, N Consequently, the  
resonance width should predominate and ghe l i n e  shape should be Lorentzian f o r  
an unexcited cesium vapor above a cold spot of 3OO"c (1.7 mm Hg)  or grea ter .  

.94 x 10  l91) 
and Na = n I 

= 3.3 x 1 O I 6  cm-3. 

ABSORFTCOM OF RADIATION I N  NON RADIATING MEDIA 

The equation which governs the  amount of rad ia t ion  which t r ave l s  through an 
absorbing media i s  given. 
Eq. 5 ar,d hence the  theory developed i n  a previous section i s  applicable f o r  a 
pure absorber.  
t he  Csc$32t A l i n e .  
Jensen 
pared. 

This equation i s  shown t o  have an equivalent form as  

The equation i s  then used t o  describe the  absorption shape of 
Data obtained from an absorption experiment performed by 

is quoted and the  width of the predicted and measured shapes a re  com- 
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If a beam of radiat ion passes through an absorbing media, and i f  the  absorted 
rad ia t ion  i s  - not re-radiated i n t o  the  beam, the  i n t e n s i t y  diminishes exponen- 
t i a l l y ,  i . e .  

- 2" (44) 

) i s  independent of x, the absorbing length,  and Ih ( 0 )  i s  
i a t ion .  Consequently, the amount of rad ia t ion  abso ed i n  the 

distance x i s :  

Final ly ,  i f  I ( 0 )  *is constant over t he  wavelength range where i s  f i n i t e ,  h A 
*absorbed = 1 - 5  - " A L  
'incident 

Resonance Absorption 

If for an absorbing medium of length L the l i n e s  a r e  resonance broadened we can 
write by combining Eqs .  40 and 22a, 

V i z .  35( 1 
" A  = x o  1 +  4 ( - d ) 2  (47) 

"R 

For the  cesium resonance l i n e  ( C s  8521 A ) :  

5 1.1 x 1.0 . 

"R 

- - 
1 + 4 (A) " A  

where wR i s  given by Eq. 41. 

Therefore, the  r a t i o  of absorbed t o  incident rad ia t ion  for C s  8521 A i s :  

Since t h i s  expression has the same shape a s  the  op t i ca l ly  th ick  radiat ion,  where 
" ( 0 )  = 1.1 x l o 5  cm-l, t he  width of t h i s  shape should be given by Eq. 29a of a 
previous sec t ion .  

'a Or, w' a t  - = 1/2 i s :  
Ii 



For this case, (49) 

where L a 6  x 
sion. 

cm because of the criterion placed on the range of this expres- ! 

Comparison with Data 

An appl'c tion for this simple theory can be found in %he absorption data of 
Jensen. t17 He measured the absorption of the Cs 8521 A line in a cesium cell 
with a .075 cm path length. 
pressure was varied by changing the temperature of a cold spot outside the cell. 
With a cell temperature of 393°C (676°K) the following data were obtained: 

The cell temperature was kept constant and the 

W Pressure Number Density Measured Width of Absorp- 
of Cesium of Ground State tion Shape at 1/2 Maximum R W' 

5 Torr 7 x 10 cm-3 51.7 .21 A 70 i 0 1 I 
0 0 

2.3 3.24 x 10l6 20 A ,097 A 34 A 

1.4 1.96 x l 0 l 6  14 A .04 A 14 A 
0 0 0 

0 0 0 

-7 .98 x 8 A  .02 A 7 A  

The measured widths of the absorption shapes compare well with the values computed 
from Eq. 49 (w') for the low pressures of cesium but overestimate the width for 
the higher pressures. This effect may be accounted f o r  by a reduction of the num- 
ber density of cesium atoms through the conversion of excited Cs atoms to mole- 
cules. Equilibriiim equations predict a small fraction ( 4 . O O l ~ o )  of molecules 
in the gas. 
lar absorption for the two higher pressures, indicating the existence of Cs 

the resonance line. 

- 

Howe.Jer, the data obtained by Jensen shows a large amount of molecu- 
and 
of the reduction of the cesium atom concentration which would decrease the wid-h f 

The mechanism proposed for the conversion of Cs atoms to molecules is the follow- 
ing : 

i- 
Cs* + C s *  -->Cs2 + e 

where the excitation energy of the cesium atom (Cs 6 P 
energy required to form a cesium molecular ion is 2.833/$v and sufficient energy 
is provided by the two excited atoms to make this transformation. 
ation of an electron and a cesium molecular ion a neutral cesium molecule is 
formed which removes two neutral atoms from the gas and, of course, reduces the 
resonance absorption. 

2 ) is 1.45 ev. The 

Upon recombin- 
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